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RUBBER CHEMISTRY AND TECHNOLOGY 


RusBBER CHEMISTRY AND TECHNOLOGY is published quarterly under the super- 
vision of the Editor representing the Division of Rubber Chemistry of the Ameri- 
can Chemical Society. The object of the publication is to render available in con- 
venient form under one cover all important and permanently valuable papers on 
fundamental research, technical developments, and chemical engineering problems 
relating to rubber or its allied substances. 

RuBBER CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 

(1) Any member of the American Chemical Society may become a member of 
the Division of Rubber Chemistry by payment of the dues ($2.50 per year) 
to the Division and thus receive RuBBER CHEMISTRY AND TECHNOLOGY. 

(2) Any one who is not a member of the American Chemical Society may 
become an Associate Member of the Division of Rubber Chemistry upon payment 
of $5.00 per year to the Treasurer of the Division of Rubber Chemistry, and thus 
receive RUBBER CHEMISTRY AND TECHNOLOGY. 

(3) Companies and libraries may subscribe to RuBBER CHEMISTRY AND TECH- 
NOLOGY at a subscription price of $5.00 per year. 

To these charges of $2.50 and $5.00, respectively, per year, postage of $.20 
per year must be added for subscribers in Canada, and $.50 per year for those 
in all other countries not United States possessions. 

All applications for regular or for associate membership in the Division of Rub- 
ber Chemistry with the privilege of receiving this publication, all correspondence 
about subscriptions, back numbers, changes of address, missing numbers, and 
all other information or questions should be directed to the Treasurer of the 
Division of Rubber Chemistry, C. W. Christensen, Monsanto Chemical Company, 
1012 Second National Building, Akron, Ohio, or to the Office of Publication, 1500 
Greenmount Ave., Baltimore, Maryland. 

Articles, including translations and their illustrations, may be reprinted if due 
credit is given RuBBER CHEMISTRY AND TECHNOLOGY. 











THE DIVISION OF RUBBER CHEMISTRY OF THE 
AMERICAN CHEMICAL SOCIETY 
OFFICERS AND EXECUTIVE COMMITTEE 


Chairman....R. H. Gerxe, General Laboratories, United States Rubber Co., 
Passaic, N. J. 


Vice-Chairman...... J. N. Srreet, Firestone Tire and Rubber Co., Akron, Ohio 
DR ice knccs dacnkarns H. I. Cramer, University of Akron, Akron, Ohio 
ee C. W. CrisTeENsEN, Monsanto Chemical Co., Akron, Ohio 
I bs: pics ce ReaeEeeene eae WASRe MEK CeNee eas C. P. Hau 
Editor of Rubber Chemistry and Technology.............eese005 C. C. Davis 
Advertising Manager of Rubber Chemistry and Technology........ 8S. G. Byam 
CB ooh ccevcax E. B. Curtis, WALTER Juve, O. M. Haypen, B. R. Srtver, 

F. 8. Matm 





SPRING MEETING OF THE DIVISION OF RUBBER CHEMISTRY, 
ST. LOUIS, MISSOURI, APRIL 10-11, 1941 


The Spring Meeting of the Division of Rubber Chemistry was held in St. 
Louis, April 10 and 11, as a part of the One-Hundred-and-First Convention 
of the American Chemical Society. The Division had its headquarters at the 
Mayfair Hotel; the technical sessions were held in the ballroom of the Statler 
Hotel. The attendance averaged about 350. 

The technical-sessions program opened Thursday afternoon, April 10, with a 
well-arranged Symposium devoted to the timely subject of “New Developments 
in the Processing of Rubber.” This Symposium comprised the following papers: 


1. Cold Resistance of Synthetic Rubber, by W. J. McCortney 

2. Injection Molding, by H. W. Paine, M. L. Macht and W. E. Rahm. 

3. Instrumentation in the Rubber Industry, by C. P. Bosomworth. 

4. Mechanical Developments in the Processing of Rubber, by Andrew Hale. 


On Thursday evening, 350 members and guests attended the Divisional Ban- 
quet in the ballroom of the Statler Hotel. Mr. William Welch, President of 
the Midwest Rubber Reclaiming Company, was toastmaster. The dinner was 
followed by a varied and entertaining floor show. The Division is indebted 
to the following companies for their generous contributions which made the 
entertainment possible. 


AMERICAN CYANAMID & CHEMICAL Corp. J. M. Huner, Inc. 


AMERICAN ZINC SALES Co. Minwest Russer REcLAIMING Co. 

A. ScHuLMAN, Inc. Monsanto CuemicaL Co.—RvuBBER SER- 

BInNEY & SmitTH Co. vice Dept. 

C. K. WiiuraMs Co. Moore & MunceErR 

CotuMBIA CHEMICAL Division—Pitts- NaucatucK CHEMICAL  DISPERSION’S 
BURGH Puiate Guass Co. Process INc. 

CoNTINENTAL Carson Co—WISHNICK PrQUANOC RuBBER Co. 
Tumperr, Inc. R. T. VANDERBILT Co. 

CuppLes Co., MANUFACTURERS St. JosepH Leap Co. 

E. I. pu Pont pe Nemours & Co— ‘Tue C. P. Hatt Co. 

RussBer CHEMICALS DiIvISION THe New Jersey Zinc Sates Co., Inc. 
FarrEL-BIRMINGHAM INC. THE PHILADELPHIA RupBer Works Co. 
GENERAL ATLAS CarBon Co. TITANIUM PIGMENT Corp. 

Goprrey L. Casor Inc. Unitep Carson Co. Inc. 
Henry L. Scorr Co. Unitep Russer ReEcLAIMING Co., INc. 
Herron & MeryYer Xytos Russer Co. 


H. Mueutstein & Co., Inc. 
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The Friday sessions devoted to general papers opened with the report of the 
Crude Rubber Committee, presented by George A. Sackett, Chairman. The 
program of general papers was as follows: 


1. Relaxation Phenomena and Reversible Stress-Temperature Curves for 
Soft Rubber, by Robert L. Anthony, Ralph H. Caston, and Eugene Guth. 

2. Dynamic Properties of Rubber and Their Dependence on Pigment Load- 
ings, by 8S. D. Gehman, D. E. Woodford and R. B. Stambaugh. 

3. Hysteresis in the Crystallization of Stretched Vulcanized Rubber. II. 
X-Ray Studies of the Effects of Sulfur Content and Method of Curing, by G. L. 
Clark, L. R. LeTourneau and J. M. Ball. 

4. Viscosity-Molecular Weight of Rubber, by A. R. Kemp and H. Peters. 

5. Oxidation of Unvulcanized Rubber in Light. IL., by J. T. Blake and P. L. 
Bruce. 

6. A Study of Rates of Vulcanization. Presenting a New Method of Evaluat- 
ing and Comparing Rates of Cure, by John G. Harrison, Jr. and Paul D. Bowers. 

7. The Surface Area of Commercial Carbon Blacks, by W. R. Smith, F. 8. 
Thornhill and R. I. Bray. 

8. Influence of Moisture Content of Carbon Black on the Properties of Rub- 
ber, by Leonard H. Cohan and Cleon R. Johnson. 

9. Rapid Determination of the Specific Gravity of Plastic Materials, by 
Henry R. Palmer and Warren E. Jones. 

10. The Determination of Zine in Rubber Compounds. A New Internal Indi- 
cator Method, by W. P. Tyler. 


At the business meeting, E. B. Curtis, Chairman of the Charles Goodyear Lec- 
ture Committee, announced the selection of David Spence as Goodyear Lecturer 
for 1941. Dr. Spence, the first recipient of this award, will give his lecture at 
the next annual meeting of the Division, in September at Atlantic City. R. H. 
Gerke, Chairman of the Division, lauded this selection, announced that arrange- 
ments are being made to devote one half-day session to the presentation of 
Dr. Spence’s paper, and invited papers on a variety of timely subjects. 

E. B. Curtis, Chairman of the Nominating Committee, submitted the following 
nominees for officers for 1942: 


Chairman (by succession)........ John N. Street 
WEDO MIMNIMIOR . 4.0.x as 00s sassenwwa John T. Blake 
Fred Amon 
WORGNY, | aoc Gneond cousassauswant H. I. Cramer 
MINS Gy hs xb wii ca C. W. Christensen 
Sergeant-at-Arms ............... Ralph Appleby 
C. P. Hall 
BPMN ha ec tekuswenkciewese George S. Haslam 


C. R. Park 
Harvey Doering 
William F. Tuley 
Per K. Frolich 
Norman Bekkedahl 

There were no nominations from the floor, and this slate was accepted. (Under 
the new By-Laws governing elections, adopted at the Detroit Meeting, a printed 
ballot with the names of the nominees will be mailed in June to each member, 
with announcement of the Fall Meeting). 

C. R. Haynes, Chairman of the Membership Committee, reported a con- 
tinuing increase in membership of the Division. He announced that an 
application-for-membership form had been printed, and that copies may be 
obtained from members of his Committee or from the Secretary. This applica- 
tion form carries a statement of the regulations of the Division of Rubber 
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Chemistry and of the American Chemical Society, and sets forth the advantages 
of membership in the Division. 

It was voted that the Secretary transmit to F. W. Frerichs and his Committee 
in charge of local arrangements for the St. Louis Meeting of the Division the 
following resolution: 


Be It Resolved, That the Secretary convey the appreciation of the Division of 
Rubber Chemistry to F. W. Frerichs and his Committee for the excellent work done 
by them in handling all local arrangements for the Meeting and the Banquet of 
the Division held during the St. Louis Convention of the American Chemical Society. 


Secretary’s Report: 


Total membership to date—March 31, 1941.............. ccc cece eee ee 733 
SE, OO i ches ee rupee cinwene <abwaakekatexwe 589 
Associate members paid for 1061.........ccccccscccssccccccccecoces 143 

Total members and associate members paid for 1940 but not renewed 

INT GMAM fees are soya rsa ve iavo's Favavas ii ora ire ta iaials a ota 6 pina ocd orate wierd atels 62 
NSE MRINE Doe Es Coser Oe entre Cea Yat atch ess a eerere Ae arelaty gwd gine snenoeN 36 
SARIMDALIUR ES SINS TANSEEEID | 5o-hcans fe eiserd ove Wists RA fora oo are re RIRORiaNE BYRRIG LeeLee 6 26 

New members and associate members from August 31, 1940 to March 31, 

1941 (Included in above total figures)...............cccceeece 96 
MM RTANBER TAS scr chats har gd aig fe crate ls 0 bale aTiNin Voted (osNT aloo ails wii ay Sara avahuteviw:alelesade 64 
PANNA ETS” ARNESON Foe ivg 8s cans 24 ahaa ray aE WS larva: ale Raval: gu aieiera-e aneaare-e areal 32 


Subscriptions to Ruspser CHEMISTRY AND TECHNOLOGY, March 31, 1941 
(Includes 150 to Rubber Manufacturers Association, but excludes 


Se Oe ND a 6. denies dieictdccwedaecceneceseuesoas 327 
Bubsorintions not renewed for IOEL........ccccccccccccccscencacese 46 
DUNN: UIC IRSET OS TRIE SIGs so 0, cierare oar eres erars eiacecelaw siauselnaivislewnieees 26 

Honoraty MeMOets ANG EXCHANLES: ooo i.c os ccs ceceeercdescsesoecoeeess 23 


H. I. Cramer, Secretary. 


NEW BOOKS AND OTHER PUBLICATIONS 


Crupe Rupser. United States Tariff Commission, Washington, D. C. 8x10} 
in. 39 pp. 


This report brings up to date the earlier one by the Tariff Commission which 
was issued late in 1939. The revised version is a brief summary of the present 
situation respecting crude rubber, with special reference to the effect of war 
conditions on imports into the United States. The tables covering shipments, 
imports, consumption, stocks, etc., have been revised to present the latest available 
figures. [From The Rubber Age of New York. ] 


GUIDE TO LITERATURE ON RussBer. Letter Circular LC626. National Bureau 
of Standards, Washington, D. C. 34 pages. 


This guide, superseding a previous circular, contains a brief review of current 
books, periodicals, handbooks, pamphlets, government documents, and other publi- 
cations relating to rubber. It also indicates some of the government departments, 
societies, institutions, and firms which conduct investigations on rubber and issue 
publications describing their work. Current American literature is stressed, and 
the aim is to indicate sources from which information can be obtained, rather than 
to give detailed bibliographies on specific topics. Special attention, however, is 
directed to literature in which bibliographies and lists of references are given. 


[From the India Rubber World.] 
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THE RoMANCE oF Rupper. (Revised.) United States Rubber Co., 1230 Sixth 
Ave., New York City. 74x 8} in. 48 pp. 


This brief history of both the rubber industry and the United States Rubber 
Co., the first edition of which was issued by the company many years ago to serve 
as a “guide book to the rubber industry,” has been streamlined and brought up 
to date. After tracing the discovery and early use of rubber in chronological 
fashion, the booklet then takes the reader on a “visit to a modern rubber planta- 
tion”, traces the production of rubber from seedling to bale, and discusses the 
major uses of rubber in everyday life. It concludes with a brief history of the 
growth of the company since its formation in 1892. [From The Rubber Age of 
New York. ] 


Burtpinc AMERICA—RvsBeER. Published for The Society for Curriculum Study 
and distributed by Americana Corp., 2 W. 45th St., New York, N. Y. 32 pages. 
Price 30c. 


This issue, one of a series of illustrated studies of modern American problems, 
dramatically depicts the story of rubber, chiefly as it relates to our national 
economy. The history of the production and manufacture of rubber is outlined, 
with emphasis on sources of raw material. In this connection, the problems of 
Western Hemisphere sources—natural and synthetic—are discussed, together 
with the possibilities of conservation through the use of reclaim. Much is said 
also about our rubber needs for both civilian and defense purposes. [From the 
India Rubber World.] 


A. S. T. M. Stanparps oN RusBer Propucts. Prepared by Committee D-11 
on Rubber Products. Published by American Society for Testing Materials, 260 
S. Broad St., Philadelphia, Pa. December, 1940. Paper, 6x9 inches, 264 pages. 
Price $1.75. 


The extensive activity of Committee D-11 during the past year is reflected in 
the current edition of this book, which contains, in their latest approved form, 
34 standardized specifications and test methods relating to rubber products. The 
34 standards include five new test-methods, one new specification, and 14 previous 
methods and specifications revised during 1940. 

The previous classification has been retained, with the standards divided into 
five sections: general methods; hose and belting; gloves, matting, and tape; 
insulated wire and cable; and rubber cements, sponge and hard rubber products. 
General methods cover: chemical analysis; sample preparation for physical 
tests; and tests for tensile, aging, adhesion, property changes in liquids, com- 
pression-deflection characteristics compression set state of cure (T-50), ply 
separation and cracking, hardness, indentation, and resistance to abrasion and 
heat, and light checking and cracking. The new standards are: accel- 
erated aging by the oxygen-pressure method; accelerated aging by the oven 
method; tests for compression-deflection characteristics; tests for physical state 
of cure; testing of automotive hydraulic brake hose; and specifications for 
ozone-resistant type of insulation. 

In addition to the 34 approved standards there are four proposed drafts of 
tests and specifications: test for resistance to accelerated light aging; calibration 
of light source used for accelerating the deterioration of rubber; test for tear- 
resistance; and specifications for rubber insulating blankets for use around 
electrical apparatus or circuits not exceeding 3,000 volts to ground. The volume 
concludes with a nine-page bibliography oi important recent publications, divided 
into appropriate classifications, and a personnel list of Committee D-11. [From 
the India Rubber World.] 
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PROCEEDINGS OF THE Forty-THirpD ANNUAL MEETING. (Vol. 40). Published by 
the American Society for Testing Materials, 260 S. Broad Street, Philadelphia, 
Penna. 6x9 in. 1396 pp. $8.50, paper; $9.00, cloth; $10.00, half-leather. 


The proceedings are now issued annually in one volume. The current volume 
covers the committee reports and technical papers and discussions given at the 
43rd Annual Meeting of the A.S.T.M. held in Atlantic City, N. J., June 24-28, 1940. 
Not only do the committee reports give full details of the important recommenda- 
tions on specifications and standardized test methods for materials, but in many 
cases they include important data and information in the form of appended 
reports or papers. 

There are nine reports on ferrous metals, seven on non-ferrous metals, and 
extensive reports on other materials including rubber products and _ elec- 
trical insulating materials. The report of Committee D-11 on Rubber 
Products includes two proposed test-methods, one for resistance to accelerated 
light aging of rubber compounds and the other for tear-resistance of vulcanized 
rubber, in addition to a proposed method of calibrating a light source used for 
accelerating the deterioration of rubber. The paper on “The Standardization of 
Durometers”, delivered at the meeting by Lewis Larrick, of the B. F. Goodrich 
Company, is also included. [From The Rubber Age of New York.] 


1940 SuppLemMentT TO A.S.T.M. Stanparps. (In Three Parts). Published 
by the American Society for Testing Materials, 260 So. Broad Street, Phila- 
delphia, Penna. 6x9 in. $3.00 for any one part; $5.00 for any two parts; $7.00 
for all three parts. 


The A.S.T.M. Book of Standards is published triennially. In the two inter- 
vening years the Society issues supplements to each part of the book. The current 
supplement, issued in three parts, gives in their latest approved form 292 specifi- 
cations, tests and definitions which were either issued for the first time in 1940 
or revised. 

Part I of the supplement is devoted to metals, Part II to non-metallic materials 
used for constructional purposes, and Part III to other non-metallic materials, 
including rubber products, electrical insulating materials, plastics, textile materials, 
paper, etc. 

Of interest to the rubber industry are new standard methods of testing for 
(1) accelerated aging of vulcanized rubber by the oxygen-pressure method; (2) 
accelerated aging of vulcanized rubber by the oven method; (3) air pressure 
heat test of vulcanized rubber; (4) abrasion resistance of rubber compounds; 
and (5) ply-separation and cracking of rubber products. [From The Rubber Age 
of New York.] 


Inpex To A.S.T.M. Sranparps. American Society for Testing Materials, 260 
South Broad St., Philadelphia, Penna. 6x9 in. 164 pp. 


Reference to this index will reveal whether the A.S.T.M. has issued any specifi- 
cations, methods of testing, recommended practices, or definitions on any specific 
subject. It also comprises a ready reference for locating any standard in the 
bound publication in which such a standard or tentative standard appears. 581 
standards and 371 tentative standards are indexed under appropriate key-words 
in the subject index, while a list in continuous numeric sequence of A.S.T.M. 
serial designations appears in the numeric index. [From The Rubber Age of 
New York.] 
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FEDERAL SPECIFICATION FOR RusBeR Goops; GENERAL SPECIFICATIONS (METH- 
ops oF PuysicaL Tests AND CHeMmiIcAL ANALYSES). ZZ-R-601la. National 
Bureau of Standards, Washington, D. C. For sale by the Superintendent of 
Documents, Washington, D. C. Price 15c. 44 pages. 


This new government specification on rubber goods, which supersedes the 
previous publication of February 4, 1930, becomes effective March 1, 1941. Con- 
taining general physical and chemical methods for testing soft rubber goods, this 
specification does not include the special test-methods applicable to certain ma- 
terials which are described in the appropriate specification nor does it include 
all of the test-methods for soft rubber goods used in the industry. [From the 
India Rubber World.] 


HanpBook oF INpusTRIAL Fasrics. Third Edition. George B. Haven. Pub- 
lished by Wellington Sears Co., 65 Worth St., New York, N. Y. 1941. Cloth, 
51 x 73 inches, 789 pages. Index. Price $2. 


In its third edition, this comprehensive handbook of industrial fabrics incor- 
porates a number of important additions and revisions which render it of even 
greater value to purchasing agents, engineers, and others responsible for specify- 
ing and inspecting fabrics, in addition to the many students who use the manual 
as a textbook. The subject matter continues to be divided into the following 
eight chapters: Types of Cotton; Manufacturing Processes for the Cotton Fiber; 
Cotton Yarn; Uses of Industrial Fabrics; Organization and Properties of Indus- 
trial Fabrics; Laboratory Design and Practice; The Slide Rule, Logarithm and 
Nomograph; Specifications and Test Methods. 

The new edition brings up to date the cotton tables and information on the 
marketing of cotton in Chapter I, gives new illustrations of textile machinery 
in Chapter II, and includes descriptions and photographs of new textile testing 
machinery in Chapter VI. Chapter VIII has been almost completely revised to 
incorporate new A.S.T.M. specifications of textiles as approved during 1940. Also, 
the bibliography of selected government publications on textiles has been enlarged. 
As in previous editions, much fundamental information is given on cotton textiles 
for use in rubber industry. [From the India Rubber World.]| 


TEMPERATURE—ITs MEASUREMENT AND ContTROL IN SCIENCE AND INDUSTRY. 
Papers presented at a symposium held in New York, N. Y., November, 1939, 
under the auspices of the American Institute of Physics. Published by Reinhold 
Publishing Corp., 330 W. 42nd St., New York, N. Y. 1941. Cloth, 6 by 9 inches, 
1362 pages. Indexed. Price $11. 


This volume encyclopedic in scope, comprises 125 symposium papers which 
comprehensively cover all of the fundamentals of temperature measurement and 
control, and present details of many specialized applications of pyrometry. The 
papers have been grouped into 13 chapters, the titles of which indicate the broad 
coverage of the subject matter: Temperature and Temperature Scales, Precision 
Thermometry, Education, Natural Sciences, Temperature in Biology, Temperature 
and Its Regulation in Man, Automatic Temperature Regulation and Recording, 
Special Applications and Methods, General Engineering, Metals and Ceramic 
Industries, Oil Industries, Optical and Radiation Pyrometry, and Thermometric 
Metals and Alloys. 

Development in pyrometry during the past two decades has measureably con- 
tributed to many phases of industrial progress. This is particularly true of the 
rubber industry, which has undergone many advances in processing dependent 
on precise measurement and control of temperature. Thus, while no paper in 
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this volume deals specifically with rubber processing problems, the basic informa- 
tion contained therein should be of interest and value to those in the industry 
engaged in any phase of temperature work. [From the India Rubber World.] 


Wuat THE AMERICAN CHEMICAL SOCIETY IS DoING FoR CHEMISTS AND CHEMI- 
caAL ENGINEERS. American Chemical Society, Mills Building, Washington, D. C. 
6x84 in. 8 pp. 


The basic principles of the American Chemical Society and the services it per- 
forms for the welfare of the chemist and chemical engineer are discussed in this 
pamphlet, the object of which is to encourage membership in the Society. An 
application blank is included, on the back of which is reprinted that section of 
the Society’s by-laws pertaining to membership. [From The Rubber Age of New 
York. | 


1941 Mopern Prastics Catatoc. Breskin Publishing Corporation, 122 East 
42nd St., New York City. 9x12 in. 476 pp. $3.50. 


Elaborately prepared, this is the most complete and authoritative treatise 
on the plastics industry in the United States ever to be issued. It is the first 
of what will be an annual presentation. This first edition contains nine main 
divisions, as follows: Plastics Engineering; Materials; Machinery and Equip- 
ment; Laminates; Plastic Coatings; Plastics Properties Chart; Solvents; Plasti- 
cizers; Directory Section. The catalog is profusely illustrated, with liberal use 
made of flow sheets, charts and diagrams, and it is organized to make the finding 
of specific information an easy task. Some data on hard rubber, chlorinated 
rubber and the so-called synthetic rubbers is included. [From The Rubber Age 
of New York.] 


THE CHEMICAL ACTION OF ULTRAVIOLET Rays. Carleton Ellis and Alfred A. 
Wells. Second Edition, revised and enlarged by Francis F. Heyroth. Published 
by Reinhold Publishing Corp., 330 W. 42nd St., New York, N. Y. 1941. Cloth, 
6x9 inches, 961 pages. Indexed. Price $12. 


This reference work on photochemistry, the second edition of an original work 
which appeared in 1925, contains three times as many pages as the first edition, 
incorporating much new data on the results of recent investigations and, in 
addition, modern theoretical concepts that have considerably altered the interpre- 
tation of photochemical action. There are 44 chapters, divided into four parts. 
In Part I various types of apparatus available for the production of ultraviolet 
rays are described in detail, with particular attention given to output energy. 
Part II discusses at length a few representative reactions and summarizes the 
literature of a wide variety of photochemical processes. In Part III the effects of 
light on individual products are treated, chiefly in a somewhat empirical manner; 
Part IV, with biological applications. 

In a chapter on rubber, which contains 123 literature and patent references, 
attention is given to the action of ultraviolet rays in connection with polymeriza- 
tion and depolymerization, vulcanization, and oxidation. The question of acceler- 
ated weathering tests and the protection of rubber against the effects of ultraviolet 
radiation are dealt with in this chapter, while brief discussions are devoted to 
the effects of photochemical action as applied to chlorinated rubber and the 
bonding of rubber to other materials. [From the India Rubber World.] 








REPORT OF THE CRUDE RUBBER 
COMMITTEE 


PRESENTED AT THE SEMI-ANNUAL MEETING OF THE 
DIVISION OF RUBBER CHEMISTRY, 
SEPTEMBER 12, 1940 


At the last meeting of the Division of Rubber Chemistry, the Crude Rubber 
Committee listed in its report a number of items which were under considera- 
tion and study by the Committee. The Crude Rubber Committee has met singe 
the last’ report was presented, and is pleased to present the following report 
to the members of the Division of Rubber Chemistry. 


I. PLASTICITY 


A wide variety of methods for determining the plasticity of crude rubber 
have been used by rubber technologists. A standard method must take into 
account, as far as possible, the fact that it should be generally applicable; 
that is, the equipment must be in use, easily made, or commercially obtainable. 
Since so many technologists have become accustomed to use and to think of 
plasticity in terms of apparatus which they have used for some time, con- 
siderable time and study have been necessary to make comparisons of the 
various methods and to evaluate them, at least in a qualitative way, so as to 
present a standard method for determining the plasticity of crude rubber. 
The Committee feels that much progress has been made in the development of 
a standard method and, although it is not in a position to report in detail at 
this meeting, it hopes to be able, at the next meeting of the Division of Rubber 
Chemistry, to present either a tentative method or a progress report. 


I]. LATEX TESTING 
a. Testing Procedures 


Copies of the tentative procedures for testing latex have been distributed 
to technologists in Europe and the East, and to a large number of rubber 
manufacturers in this country. The Committee wishes to express its thanks to 
the Rubber Manufacturers’ Association for its aid in distributing these 
procedures. 

An error in the Section of Latex ‘Testing Procedures which deals with the 
formula for the yield point of latex has been called to the attention of the 
Committee. 

Ths formulas for K, and K, following Equation (3) on page 597 of Industrial 
and Engineering Chemistry, Analytical Edition, Volume 11 (1939), are incorrect. 
They should read: 
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b. Latex Stability Test 


The Crude Rubber Committee has been studying the development of a latex- 
stability test for a long time. Although there may be some differences of opinion 
as to whether the high-speed stirring test shows the behavior of latex In many 
processes, it is generally agreed that such a test is an index of latex stability 
and, accordingly, is very useful. 

In offering its method for measuring the mechanical stability of latex, the 
Committee does so with the idea of setting up a standard procedure for a test 
now widely used under varying conditions. 

An interpretation of the results and application of the test as an index of 
latex quality are not within the scope of the Crude Rubber Committee’s func- 
tions, and they will not be discussed. 


Procedure for Determining the Mechanical Stability of Latex L-16 
SuMMARY 


This test is a determination of the time required to coagulate a sample of 
latex under specified conditions of temperature and speed of stirring, using 
a standard-type propeller. 


DETAILED PROCEDURE 
a. Equipment 


(1) Synchronous motor and gear drive 
(2) Propeller 

(3) Water bath 

(4) Cylindrical vessel for holding latex. 


A detailed description of the equipment follows. 

(1) Synchronous motor and gear drive—This motor is a 4 horse-power syn- 
chronous motor, rigidly attached to a stand which has a support for the water 
bath. The motor drives the propeller through a gear drive which turns the 
propeller at a speed of 17550 revolutions a minute. 

(2) The propeller used is identical with that described in a paper by C. K. 
Novatney and W. F. Jordan. Figure 1 shows the dimensions and appearance. 

(3) The water bath is a simple glass or metal container, which is larger 
than the vessel holding the latex. The size does not matter as long as it 1s 
efficient enough to maintain the latex within one-half degree of 30° C. 

(4) The cylindrical vessel for holding the latex is made of glass or stain- 
less steel. The latter has the advantages of greater conductivity, more rapid 
transfer of heat, and consequent closer control of the temperature of the latex. 
The glass container has the advantage of visibility of the contents. The size 
of the latex container should be 10 centimeters (4.0 inches) high and 5.6 centi- 
meters (2.25 inches) in diameter. 


b. Procedure for Testing 


(1) Preparation of the sample. The latex should be brought to a standard 
content of total solids by dilution with water containing 1.00 per cent of ammonia 
(as NH,), and should be analyzed for total solids according to the standard 
Crude Rubber Committee method (Procedure L-2). 
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The concentrated latex appearing on the market as of 60 per cent solids con- 
tent will usually be found to contain slightly higher quantities of solids. The 
specified figure may therefore usually be considered to be the minimum and not 
the actual content. The standard concentration of solids for the sample for 
test should be actually 60.0 per cent. 

Normal or unconcentrated latex is usually sold with a solids content from 35 
to 388 per cent, and should be brought to a standard solids content of 35 per 
cent before testing for stability. 

Although the greater part of the commercial concentrated latex has a solids 
content of 60 per cent or more, some latex is sold at other concentrations. Since 
these are usually special types of latex, which have no generally accepted stand- 
ard of concentration, no standard of solids concentration can be established 
for the stability test. Since such latex types are usually sold with a guaranteed 
minimum of solids, it is suggested that this minimum content be adopted for use 
in testing stability. 

The latex is brought up to standard solids content by weighing a suitable 
quantity in a 250-ce. flask, and adding a sufficient weight of 1.0 per cent ammonia 
solution to obtain a mixture with the desired solids content. Both the latex 
and the ammonia solution should be at room temperature. The mixture should 
be agitated or shaken gently but thoroughly, to assure a uniform composition. 

Immediately after mixing or stirring, pour 80 cc. of the mixture into the 
container used for testing, close the container with a stopper carrying a ther- 
mometer, and place it in an air or water bath of a type suitable to bring the 
latex to a temperature of 30° C. Care should be taken not to overheat the 
latex. The latex in the container should be agitated occasionally by shaking to 
assure uniform temperature of the sample itself. 

As soon as possible after reaching the standard temperature, the container 
and sample are placed in the water bath on the stability-testing machine, with 
the propeller as nearly in the center of the container as possible. 

The propeller and stop-watch for reading the time of stirring are started 
simultaneously. 

(2) Operation of the test—The test itself is to determine the time required 
to produce small particles of coagulum which are retained by an 80-mesh screen. 
To do this the sample must be stirred long enough to produce the particles, and 
this operation repeated with duplicate samples for decreasing periods of stirring 
until the end point is reached, at which no coagulation occurs. The decrement 
of time for each test is 0.5 minute. 

After starting the propeller, watch the sample in the latex bottle. During the 
initial stages of agitation, the latex whirls around violently. Later the surface 
calms down, and finally almost ceases to move as the end point is approached, 
although it may start whirling again after being temporarily quiet. With ex- 
perience, the operator will usually be able to detect the approach of the end 
point by a change in the sound of the stirrer or by the appearance of the sur- 
face of the latex. 

When it is evident that the sample has been stirred a sufficient length of 
time to form particles of coagulum, the propeller is stopped and the time of 
stirring noted. The container is removed from the machine, and the latex is 
washed from the stirrer into the bottle with a stream of 2 per cent sodium 
oleate solution in a wash bottle, observing carefully whether any particles of 
coagulum can be seen on the propeller. 
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If particles of coagulum are found, the screen need not be used, and the test 
is repeated, stirring the sample for a shorter time. 

If no particles of coagulum are found on the propeller, the entire sample 
is vacuum-filtered through an 80-mesh stainless steel screen, which can con- 
veniently be mounted between the ends of two short pieces of two-inch iron 
pipe screwed into a union, as described in the standard procedure for deter- 
mining coagulum in latex (Procedure L-4). 

The screen is washed free of latex with 2 per cent sodium oleate solution. 
If coagulum is found on the screen, the test is repeated, stirring for one-half 
minute less time. If no coagulum is found, repeat the test, stirring one-half 
minute longer. 

The stability index recorded is the time required for the first visible signs of a 
coagulum. 

The test should always be run in duplicate, and both results recorded, the 
average of which is designated as the stability index of the latex tested. 


Other Equipment and Visual Determination of End Point 


The Crude Rubber Committee recognizes that many technologists are using 
a stability test, and that the present standard method, calling for a synchro- 
nous motor, may not be readily available. The Committee also recognizes that, 
in the hands of experienced operators, the end point of stirring may be readily 
recognized by visual examination, particularly when latex from the same or 
similar sources is continually being tested. The use of equipment as described 
below is proposed with the idea of giving these technologists a means of approxi- 
mating fairly closely the results obtained with the standard equipment, although 
it will usually be found less accurate than the standard equipment, and hence 
is not a direct substitute for it. The visual method of determining the end point 
likewise can be used only by thoroughly experienced operators, and even such 
operators may disagree with one another on the exact end point. 

The type of stirrer often used for stability index determinations is the same 
as that used for stirring milk drinks and similar types of mixtures at soda 
fountains and restaurants, and generally referred to as a “malted-milk mixer”. 
These mixers may have any type of propeller which the manufacturer believes 
will be most efficient for such operations as mixing milk drinks. The Crude 
Rubber Committee urges the adoption of the standard propeller described 
above, so that results will be more uniform. 

The speed of rotation of the malted-milk mixer is subject to wide variation. 
The motor speed is subject to fluctuations in voltage, and to changes with use. 
Also, variations in viscosity of the latex, which may be due to changes in the 
latex or to changes during the test, will produce changes in the speed of the 
machine. 

The speed of the machine should be uniform for all samples throughout the 
test. The line leading to the motor should be fitted with a rheostat for controlling 
the voltage so that the speed can be controlled, and the machine itself should 
be equipped with a speed indicator so that variations in speed of the pro- 
peller can be detected and the voltage supplied corrected to compensate for 
variations. 

The usual malted-milk mixer turns at about 14,000 r.p.m., whereas the stand- 
ard test apparatus turns at 17,550 r.p.m. Therefore to bring the results to stand- 
ard conditions, a correction should be applied by running the test at three or four 
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different speeds, plotting the time required for coagulation, and extrapolating 
the curve obtained to the standard 17,550 r.p.m. figure. Generally, samples of 
the same type of latex follow the same curve, so that separate tests are not 
needed for each sample. 

Visual determination of the end point is accomplished by removing the con- 
tainer from the machine, and observing the latex in good light. The presence 
of numerous small lumps of coagulum indicates that the end point has been 
reached. Very brief stirring beyond this point usually leads to coalescence of 
the coagulum as a whole. If not, visual determination of the end point may be 
so unreliable that it is valueless, and recourse should be had to the standard 
screen determination. 

Regardless of whether the standard constant speed equipment or the milk- 
drink mixer is used, or whether the end point is determined by screening the 
latex or by visual observation, the latex must be brought to the standard solids 
content and temperature before testing. The stability index should always 
specify the speed of stirring. 

The following table shows the change of latex temperatures under different 
conditions. In the experiment a cream-concentrated latex was stabilized and 
adjusted to exactly 60 per cent solids content by the addition of 5 per cent by 
volume of a 5 per cent aqueous soap solution. This stabilization was necessary 
to minimize the effects of heat generation which might have resulted from the 
incipient coagulation caused by the long period of stirring in the experiment. 
The speed of stirring was 14,000 r.p.m. 


TEMPERATURE CHANGES WITH STIRRING 


Steel cup, Steel cup, 

Time Glass jar, Steel cup, Glass jar, Steel cup, jacketed jacketed 

(min. ) no jacket no jacket no jacket no jacket @ 25° C @ 30°C 

0 26.5° C 27.0° C 34.0° C 30.0° C 255° C 30.0° C 
5 27.5 28.0 34.0 31.0 26.0 31.0 
1.0 28.0 29.0 34.8 32.0 26.5 31.0 
1.5 28.8 30.0 35.0 33.0 26.8 31.0 
2.0 29.3 31.0 35.5 34.0 26.5 31.0 
25 29.8 31.5 36.0 34.5 26.5 30.5 
3.0 30.3 32.0 36.5 34.5 26.5 30.5 
3.5 30.8 33.5 37.0 34.5 27.0 30.0 
40 31.3 34.0 37.0 35.0 26.5 30.0 
45 31.8 34.5 37.5 39.5 26.5 30.0 
5.0 32.3 34.5 38.0 35.8 26.5 30.0 
5.5 32.8 35.0 38.0 36.3 26.5 30.0 
6.0 33.3 35.5 38.3 36.5 26.5 30.0 
6.5 34.0 36.0 38.5 37.0 26.0 30.0 
7.0 34.5 36.0 39.0 37.5 26.0 30.0 
75 34.8 36.0 39.0 38.0 26.5 30.0 
8.0 35.0 36.5 39.0 38.3 26.5 30.0 
8.5 35.5 37.0 39.5 38.5 26.5 30.0 
9.0 36.0 37.0 39.0 38.8 26.5 30.0 
9.5 36.5 37.5 39.0 38.8 27.0 30.0 
10.0 37.0 38.0 39.0 38.8 27.0 30.0 


Il]. PACKAGING 


The Committee is glad to report that it has received favorable comment on the 
publication of the description of a new method of wrapping rubber by D. E. 
Andrews. This article was given wide publicity in Malaya. Any member of the 
Division of Rubber Chemistry who desires to codperate with the Rubber Re- 
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search Institute in the development of this type of package should write to the 
Chairman of the Crude Rubber Committee, or directly to the Rubber Research 
Institute, Kuala Lumpur, Federated Malay States. 


IV. SAMPLING 


After discussing the problem of sampling, the Committee has decided that, 
a statistical analysis of the problem should be made, and it is hoped that the 
publication of such an analysis will soon be possible. 


V. AGE RESISTANCE 


Although this subject has received careful consideration by the Committee, 
and much work has been done, no definite results on which to base conclusions 
or make a report are available yet. 

In connection with this problem of age resistance, the Committee has also 
given further consideration to the effect of the presence of deleterious substances, 
such as manganese and copper, on age resistance. 

It is generally agreed that the forms in which manganese and copper are 
present affect their influence on the rubber, but no standard chemical tests for 
these substances have yet been developed to show whether they are present in 
such forms as to cause poor age resistance. A standard aging test, when devel- 
oped, would show whether the materials actually do cause rubber compounds to 
perish rapidly. Chemical analysis would then be supplemented by an age-resis- 
tance test to determine the quality. 


VI. RATE OF CURING 


This subject has not been under discussion since the Committee submitted its 
last report, and there is nothing further to offer at this time. 


VU. DETERMINATION OF FOREIGN MATERIAL 


In its last report, the Committee presented a method for determining foreign 
material in crude rubber, which was based on the use of a large sample and 
factory equipment. At that time it was recognized that such a method had 
very definite limitations, must always be regarded as a factory test and was 
not suited to small shipments or samples. 

Further consideration of this subject has led the Committee to offer a method 
which can be used to determine the amount of foreign material in a small sample. 
This method does not supplement the large sample test, nor can it be correlated 
with it in any way. It is a distinct and separate test, and the user must ascer- 
tain its value and duplicability under his own conditions of sampling and 
testing. 

Since this test requires that the sample be passed through a mill which may 
add iron to the rubber by the grinding action of the rubber on the rolls, the 
results should be tested carefully for iron and evaluated, or corrected, accordingly. 

The Committee has sought to find a means of making the test without plas- 
ticizing the rubber and thereby to avoid two undesirable effects: (1) a change in 
size of the particles of foreign material, and (2) the addition of iron from the mill 
rolls. The investigation is still being continued, and it is hoped that an improved 
method may be offered in the near future. 
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The proposed method is as follows: 
Determination of Foreign Material in Crude Rubber—Small Sample Method 
I. Milling 


The sample of rubber to be tested is milled on a cold mill until definitely 
broken down, as indicated by a smoothing out of the rubber on the mill. During 
this operation, the sample should be frequently cut back and forth to assure even 
distribution of the dirt throughout the sheeted sample, which should be large 
enough to permit continuous cutting back and forth and continuous milling. A 
milling time of ten minutes on a cold, tight mill has been found to give optimum 
results. Short milling times do not break down the rubber sufficiently, and it is 
sometimes difficult to get the material in solution quickly. Longer miiling causes 
excessive breakdown of the sample and smaller dirt particles. After completing 
the milling, the rubber is cut off the mill, and the milled sample is wrapped in 
parchment. 


II. Solution 


A 20- to 25-gram sample of rubber is weighed out, placed in a 600-ce. beaker, 
400 ce. of paracymene and 10 ce. of a 3 per cent solution of hydrogen peroxide 
are added, and the beaker and contents are heated for 2.5 hours on an electric 
hot plate. The temperature of the solution is kept at about 80° C during the 
digestion. The use of 200 ce. of toluene and 200 ce. of paracymene has been 
found to be nearly as good as the use of pure paracymene. The hydrogen 
peroxide cuts down the viscosity of the rubber-solvent mixture, resulting in an 
increased rate of settling and more rapid filtration. The mixture of rubber and 
solvent must be stirred frequently during the first hour to cause rapid break- 
down and faster solution of the rubber. 

When completely dispersed, the sample is removed to a steam pate, where 
it is allowed to stand overnight for the dirt particles to settle out. If a layer 
of asbestos paper is placed on the steam plate, the dirt will not stick to the 
bottom of the beaker and so can be easily removed. 


III. Filtration 


Separation of the dirt particles is accomplished by filtration through a 200- 
mesh screen. Figure 2 shows the type of apparatus recommended for this 
work. The filter rings and dimensions are shown in Figure 3. 


Filter rings are made of brass, with the following dimensions : 
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Standard 200-mesh bronze screen and 35-mesh reinforcing screen are soldered to the bottom of the 
ring (surface B), 

An apparatus similar to that depicted on the accompanying print is recommended for this determina- 
tion, 

The clear, hot, supernatant liquid is decanted through the screen until approxi- 
mately 50 ce. of solution remains in the bottom of the beaker. The filter is then 
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removed from the suction flask and discarded. Since usually a very small 
amount of dirt is present, it is advisable to pour the remaining 50 ce. of hot 
solution onto or against the brass ring supporting the screen. If a circular 
motion is given the pouring operation, a washing action results which carries 
the dirt to the center of the screen, without any pressure being exerted on the 
dirt. Occasionally it is necessary to loosen the dirt on the bottom of the beaker 
by the use of a stirring rod. After filtration is complete, the filtrate is heated 
once more, and again filtered through the same screen to catch any fine particles 
which may have been washed through the screen during the first. filtration. 
The use of suction is often unnecessary, particularly if the rubber has been 
properly broken down. Under favorable conditions, the filterimg operation does 
not ordinarily require more than 15 minutes for a sample. The last traces of 
dirt are washed from the beaker with two 15-cc¢. portions of chloroform, followed 
by a final 20-ce. of warm chloroform wash. 


IV. Drying 


After the screen is removed from the filtering apparatus, any paracymene soiu- 
tion clinging to the under edges of the screen should be wiped off with a cloth 
moistened with chloroform. The sample is then dried at 105° C tor one hour 
and weighed. 


% dirt content = 100 x wt. of screen and sample— wt. of screen 
wt. of sample 


Note that, due to the fact that the sample is masticated on a tight mill 
before being placed in solution, the total dirt content is all that is obtainable 
and that the particle size on the screen has no relation to the particle size 
originally present in the sample. 


V. Cleaning the Screen 


The screen may be cleaned quickly and with minimum wear in the following 
manner. 

After removal of the loose dirt, the screen is placed in hot paracymene for 
one-half hour. It is then washed in a strong stream of hot water, with frequent 
turning of the screen to reverse the direction of the water flow through it. 
The screen is then dried in a stream of compressed air and washed well in 
acetone. After drying 15 minutes at 105° C, the screen is cooled and weighed 
for the next filtration. 


VIII. WATER ABSORPTION TESTS 


This subject is of major importance to the wire industry, but of little interest 
to other fields of rubber technology. Nevertheless, the Committee believes that 
it is a property of crude rubber and, as such, deserves consideration. Accordingly 
it is being given serious attention, and the codperation of all interested in devel- 
oping a standard test for this property is urgently requested. 


IX. CONCLUDING REMARKS 


The Crude Rubber Committee is always grateful for comments and suggestions 
regarding any of its published work or possible lines of investigation, and sin- 
cerely requests any member of the Division of Rubber Chemistry to send any 
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ideas or opinions of the tests described here, or of tests in previous reports, to 
the Chairman of the Committee, so that they may be given consideration in 
further developments of the work in hand. 
THe Crupe Rupper CoMMITTEE 

G. A. Sackerr, Chairman 

Ki. M. McCotm 

A. H. NELLEN 

K. W. OLDHAM 

W. D. Parrisu 

R. A. SCHATZEL 

J. C. WALTON 








ANALYSIS OF PROTEINS OCCURRING IN 
HEVEA LATEX. II 


PROPERTIES AND IDENTIFICATION OF THE ISOLATED 
PRODUCTS * 
R. F. A. ALTMAN 


RUBBER PROEFSTATION, BUITENZORG, WEST JAVA. 


INTRODUCTION 


In a previous paper! the separation and analysis of proteins remaining in 
rubber serum, after coagulating the rubber with formic acid, were described. 
The present paper is concerned with the properties and identification of the 
products thus isolated. 

As for nonamino acids, it may be recalled that these are composed mainly of 
the unsaponifiable thick brownish red oil A,. Of the other byproducts remaining 
to be identified, which were designated as BIL, BIII, BV and BVI, only small 
amounts were obtained. 

Of the amino acids, alanine, arginine, asparagic acid, glutamic acid, histi- 
dine, leucine, ornithine, hydroxyproline, proline, tyrosine and valine were iso- 
lated in weighable amounts. In addition to these, it was possible to identify 
dihydroxyphenylalanine. 

In this connection the results obtained by Midgley, Henne and Renoll ? are of 
interest. These investigators found, as the principal components of proteins 
occurring in crepe rubber, the following amino acids: arginine, asparagic acid, 
glycine, histidine, leucine, lysine and proline. They considered it highly prob- 
able that alanine, phenylalanine, hydroxyproline and serine were also present 
in these proteins. On the other hand, it was definitely established that cystine, 
glutamic acid and tyrosine were not present. 

Table I summarizes the results of Midgley and his coworkers in comparison 
with ours. 

From this table it is evident that certain proteins, viz., those containing, among 
other compounds, tyrosine, glutamic acid and valine, do not coagulate with the 
rubber, but remain in the serum. The absence of sulfur-containing amino acids 
ean probably be attributed to certain shortcomings in the analytical method. 
At any rate, the presence of sulfur in proteins precipitated from latex was 
established when the test was repeated. 


PROPERTIES OF ISOLATED PRODUCTS: NONAMINO ACIDS 


Oil A, has a brownish red color, with a bluish fluorescence. It is tasteless, 
has a faint odor of lubricating oil, and is unsaturated, a property which probably 
explains why it darkens in air. It is not volatile with steam but, when distilled 
in a vacuum, it yields a pale yellow oil boiling between 160 and 195° C at 2.5 
mm. pressure. The residue is a dark color, and decomposes when the distilla- 
tion temperature is raised higher. Above 200° C (2.5 mm.) a red deposit forms 


* Translated by Julian F. Smith for RupBER CHEMISTRY AND TECHNOLOGY from Mededeeling No. 22 
van de Afdeeling Rubber Research van het Proefstation, West Java, Buitenzorg, Java. Also pub- 
lished in Archief voor de Rubbercultuur, Vol. 24, No. 6, pages 481-441 (1940). 
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in the neck of the distillation flask. It appears that both the distillate and the 
residue contain sulfur, and give very distinct Liebermann-Burchhardt and re- 
versed Salkowsky color tests * for phytosterols. 

In certain respects our oil A, resembles the unsaponifiable oil, described by 
Bruson, Sebrell and Vogt*, which was isolated from crepe rubber. Our oil 


TABLE I 


Presence (+) or absence (— ) 
in the proteins of 


Amino acid Serum (1) Crepe rubber (2) 
MMR Fo ana carardl oe aide eS iais Oe + 
OO RMINIAY oct Suicid lato ioeame eaeleaia +. * 
Bake) C21 CC: 4 
Dihydroxyphenylalanine .......... Traces 
MGEROR ety crete toms eavaararroetecanies ars 
NGVORGNIIO ACG 55 cie ise 2is asinine a 6 oss 
NSUNAIND, loan nen Caen ¥ eeicncwardion 
OTS EO Re 
BE MNE ca snes fangs tar Sere sid oe lard avntetane Sas 
PEVGTORVPTOMNE: ok cc bees coe wears 
PPRCHVIGIDNINE 6.05 5:65: ocd ess ye 
BOT MNREE eos gprs, eave Gretetarei nda es LaiOea 
ESRI craic oreisicerecee es als aerate 
NMI ee Gare ars ea re a eae le GO 


* Partly as ornithine. 





|+HH+++14+1++H 


+++] +) +441 


'FABLe II 


Optimum 





euring '.. Ve 

Expt. Anti time change 
No. oxidant (min. ) Test T.V.B. (@y R. B, S 600 H 
A 5093.a None (blank) 30 es 171 811 43 42 
Geer oven* ...... 117 32 571 77 40 
Air-bomb f ....... 71 59 683 45 39 
Oxygen-bomb¢ ... 141 18 755 44 40 
A 5093 c¢ Oil 30 AS RUED) dics cceks 175 — 833 41 45 
Geer oven* ...... 120 3l 673 80 40 
Air-bomb + ....... 63 64 681 40 40 
Oxygen-bomb¢ ... 1388 24 766 38 42 
A 5093 b Agerite powder 40 PB TSUCW! 5 sce0<:4 0 152 — 781 45 43 
Geer oven * ...... 51 66 405 — 4! 
Airsbomb7y ....... 71 53 690 38 41 


Oxygen-bomb ¢ ... 146 4 717 56 45 
4 weeks at 70° C. 
3 hours at 126° ©, 5 atm. pressure. 
24 hours at 70° C, 20 atm. pressure. 


differs from theirs, however, in that it contains sulfur. Also oil A,, unlike the 
product described by Bruson and his coworkers, has no antioxygenic effect (see 
Table II). As a vuleanization accelerator, A, is also valueless in the crude state 
(see Table III). 

Fraction BIT was originally obtained as a colorless oily liquid with a sharp 
odor. After standing for some time in a desiccator, it formed colorless rods or 
rhomboids which could be isolated by cautious suction filtration with a little 
water. The melting point was 85-90° C. With calcium hydroxide solution, the 
aqueous solution of this substance gave immediately a crystalline precipitate 
which under the microscope, showed very distinctly the characteristic form of 
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calcium oxalate. Since the Carletti color test® was also positive, it may be con- 
sidered highly probable that the crystals, the amount of which was very small, 
consisted of oxalic acid. 

The filtrate was strongly acid to Congo paper. Free hydrochloric and phos- 


phoric acid were positively identified. 


Tas.e III 


Curing Time 
Mix temp. (min. ) _. eas R. B. 
Bo OS 100 127° 20 . 
NUR ere ee es 5 40 0 694 
SS eS eee 3 60 0 887 
("SRSA att een 0.5 100 9 1037 
(EUS SES 5a ere ee eee 147° 20 16 1104 
40 32 1055 
60 76 1034 
100 88 952 
ER oS i ee 100 127 40 0 916 
LE SES eee 5 60 0 954 
0 OA ere 3 100 9 1060 
eS ee ee eee 1 

Wh OSS > | a 147° 20 12 1060 
40 29 1079 
60 58 1011 
100 83 958 
fe ne 100 127° 20 — — 
Ea 35 40 0 831 
7 MS ee 6 60 0 803 
Stearic acid ..... 0.5 100 3 879 

(Se ee ee 0.5 
Of SSE Ee a a ees 147° 20 0 801 
40 19 1141 
60 42 1097 
100 72 1060 
Vil. Rubber ......... 100 127 40 0 660 
Le eee 3.5 60 0 800 
SER ee ae 6 100 7 1120 

Stearic acid ..... 0.5 
Co DAR SAR Aare — — — = == 
Se ELE EV SSS Si). | Seana ene eee ae 147° 20 9 1098 
40 15 1016 
60 50 1058 
100 75 1004 





Fraction BIIT, which was originally obtained as a yellow oil, was thickened 
to a putty-like consistency in a vacuum desiccator. When exposed to air, this 
substance rapidly absorbed water and became a mobile liquid. It had a strongly 
acidic reaction, and with alkalies formed salts which gave tests for phosphates. 
Calcination of the alkali metal salts caused some carbonization; hence the origi- 
nal oil must have contained an organic substance which, according to the obser- 
vations recorded in outline B', can form a water-soluble barium salt. Search for 
this organic impurity was carried out as follows: The aqueous solution of 


BIII was treated with barium hydroxide until the flocculent precipitate no longer 
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disappeared on shaking. Twice as much barium hydroxide was then added. The 
mixture was heated, carbon dioxide was passed through it, and the mixture was 
filtered with suction. Aside from barium carbonate, the precipitate apparently 
contained only barium phosphate. The filtrate was evaporated in a vacuum to 
a small volume. The sample gave no test for phosphates. When the concen- 
trated solution was evaporated to dryness and calcined, it carbonized and left 
an ash which did give the phosphate tests when dissolved in dilute nitric acid. 

In addition to free phosphoric acid, fraction BIII therefore contained a very 
stable phosphate ester which apparently was not completely decomposed even 
by boiling 24 hours with dilute sulfurie acid (in all probability partial hydroly- 
sis occurred). Due to lack of material, it was impossible to identify the organic 
constituent of this phosphate ester. It can be stated, however, that it was not 
an ester of glycerol or of an open-chain sugar; possibly it was an inositol 
phosphate. 

Fraction BV, on long standing in a desiccator, yielded colorless crystals which 
melted at about 42° C, The amount of material available was too small to 
permit purification by recrystallization. We therefore must limit ourselves to 
summarizing the properties of the raw product. The crystals dissolved readily 
in organic solvents, and had acid properties, since they dissolved in dilute alkali. 
By addition of acetic acid the substance separated as oily drops from alkaline 
solution. Its alcohol solution reacted faintly acid to litmus paper. The com- 
pound contained no nitrogen, but did contain sulfur (Lassaigne). When placed 
on a coin (gulden), the original substance left a black stain. The Pougnet test 
for phenols was positive®, and, when heated with calcium oxide, the substance 
gave off a mercaptanlike odor. 

On the basis of these observations, we consider it possible that BV is a stable 
thiophenol. It may be noted that BV gives very distinct Casanova? and Siedler’ 
phosphatide tests. In a fusion mixture made with sodium nitrate-sodium carbo- 
nate, no phosphate could be detected. 

The yellow oil BVI was isolated in an extremely small yield. It was acid to 
litmus and was unsaturated. It was readily soluble in organic solvents and in 
dilute alkalies. From its alkaline solution, which frothed strongly when shaken, 
the oil was reprecipitated by acids. Probably the liquid component of fraction 
BV was identical with BVI, which possibly contained higher unsaturated fat 
acids, 

The above analytical study makes no claim to completeness. As was stated 
in the beginning, the specified fractions, with the exception of A,, were obtained 
only in small quantities. It should be emphasized that our investigation did not 
lead to complete identification of the isolated products, which were only by- 
products of the protein analysis. Beyond this, we consider an exact analytical 
study of oil A, to be well worth while, and we hope to return to this subject 
as soon as an opportunity arises. 


IDENTIFICATION OF THE AMINO ACIDS ISOLATED 


In connection with the fact that the analytical procedure intentionally made 
use of the various characteristic properties by which the amino acids are dis- 
tinguished from each other, sometimes very sharply, identification of the com- 
pounds was completed by determining a single constant of the substance itself, 
or of one or more derivatives thereof. Only in a few cases was it considered 
necessary to make an elementary analysis. Of course, the specific color reac- 
tions for each amino acid were also carried out. 
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Alanine —This amino acid (outline F*) was precipitated as a white crystal- 
line substance, which decomposed at 248-250° C, with evolution of a gas. After 
recrystallization from a little water, the decomposition point was substantially 
increased (293° C). For more exact identification, the benzoyl derivative was 
employed. It was prepared as follows: A solution of 0.89 gram (0.01 mol) of 
alanine in 10 cc. of normal hydroxide and 3-4 cc. of water, after adding 5 grams 
(approximately 0.06 mol) of solid sodium bicarbonate, was shaken with 4.22 grams 
(0.03 mol) of benzoyl chloride. This compound was added in small portions to 
the mixture, care being taken to maintain a uniform absorption of the carbon 
dioxide liberated. The reaction was complete when all the benzoyl chloride 
had been added, and carbon dioxide had ceased to escape from the system. 

The turbid reaction mixture was then shaken with a little Norit, was filtered, 
and was acidified with dilute sulfuric acid; the snow-white precipitate was 
finally poured, while being shaken, into five times its volume of petroleum ether, 
which precipitated the desired benzoyl derivative, PhCONHCH(CH,)CO.H, 





Fig. 1. ria, 2. 


free from benzoic acid, which remained dissolved in the ether-petroleum ether 
mixture. The precipitate was filtered off with suction, thoroughly washed with 
petroleum ether, and dried in a vacuum desiccator. Its m.p. was 154-155° C. 

Arginine:-—See below under ornithine. 

Asparagic acid—This strongly acid-tasting compound, which was insoluble in 
glacial acetic acid, decomposed at about 243° C when not recrystallized. When 
recrystallized from a little water, it gave colorless needles clustered in star-like 
aggregates or bundles, melting at about 270° C, with decomposition. The mixed 
melting point with a purified commercial samp!e remained the same. (Analysis 
showed 10.44% N; calculated 10.52% N.) 

Dihydroxy phenylalanine, only traces of which could be isolated, crystallized 
in fine crystals (Figure 1), which melted at 288° C. 

Glutamic acid was obtained by recrystallization of the crude product from 
water. It formed beautiful glistening tetrahedrons or octahedrons, which, when 
heated rapidly in a fused capillary, decomposed at 216° C with the evolution of 
gas. For a more exact identification, the hydrochloride was prepared by passing 
hydrogen chloride gas into the saturated aqueous solution. By recrystallizing 
from 25 per cent hydrogen chloride, beautiful colorless elongated rectangular 
platelets, melting at 210° C. were obtained (Figure 2). 
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Histidine —As previously stated!, only a small amount of this amino acid was 
obtained. It was purified by recrystallization from a small amount of water 
containing alcohol. The glistening diamond-shaped or hexagonal platelets thus 
obtained, which were often joined at the edges, decomposed at 273° C, after first 
turning brown and evolving a gas. The picrolonate, which could be obtained as 
intensely yellow rosettes of needles or parallelogram platelets, melted with 
decomposition at 235° C. The specific histidine tests (biuret, diazo, Wiedel and 
Knoop-Hunter reactions) were all distinctly positive. 

Leucine—The product as originally precipitated appeared to be sufficiently 
pure, and melted at 270° C with decomposition. Completely pure leucine can 
be obtained by precipitating from its ammoniacal solution with lead acetate, 
dissolving the precipitate in water containing acetic acid, and passing hydrogen 
sulfide through this solution. The clear filtrate, after filtering off lead sulfide, was 
evaporated in a vacuum, whereby it formed a snow-white substance decomposing 


\ 





Fig, 3. 


at 289° C. The benzoyl derivative (see under preparation of alanine) melted at 
105-107° C. 

Ornithine was obtained by the method described in Outline F' as a white 
crystalline powder (needles), which began to sinter at 110° C, and melted com- 
pletely at 125° C. The aqueous solution reacted alkaline to litmus. After stand- 
ing several months, a yellow syrup formed in the powder. When a concentrated 
aqueous solution of ornithine was treated with excess picric acid, ornithine 
dipicrate was formed as yellow crystals decomposing at about 205° C. Ornithine 
regenerated from the dipicrate was very pure, melted at 138-140° C, and, when 
its concentrated aqueous solution was evaporated in a vacuum, it formed char- 
acteristic bundles of needles (Fig. 3). The flavianate melted at about 233° C. 

On closer examination, the ornithine fraction which was obtained appeared 
to contain undecomposed arginine. Both amino acids could be satisfactorily 
separated by fractional crystallization of their flavianates. The solubility of 
ornithine flavianate in water was about 30 times greater than that of arginine 
flavianate. The latter melted with intense brown coloration at about 260° C. 

Hydroxyproline and proline—Ilt is appropriate here to return to the alco- 
holic extract D, of Outline D', which apparently contained ornithine, hydroxy- 
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proline and proline. These amino acids were satisfactorily separated by a method 
described by Kapfhammer, Eck and Sporer®. 

The alcoholic extract was evaporated to dryness in a vacuum. The brown 
semisolid residue was dissolved in the least possible quantity of water, and the 
aqueous solution was treated with a concentrated solution of flavianic (1-naph- 
thol-2,4-dinitro-7-sulfonic) acid in water. After standing 24 hours in a refrigera- 





Fic. 6. Fic. 7. 


tor, the liquid was filtered off from the ornithine flavianate precipitate (m.p. 
233° C), after which the filtrate was evaporated in a vacuum. After being freed 
from excess flavianic acid'®, the evaporated residue was thoroughly extracted 
with absolute aleohol, whereby proline and part of the hydroxyproline dissolved. 
The a insoluble in absolute aleohol was practically pure hydroxyproline 
(m.p. 270-272° C). The picrate (needles) melted at 185-186° C., 

With a saturated solution of cadmium chloride in 96% alcohol, the hot alco- 
hol extract gave a white crystalline precipitate of the proline: CdCl, double 
salt, C;H,O,N.CdCl,H,O. Free proline was regenerated from this compound by 
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treating the aqueous solution with hydrogen sulfide, filtering with suction from 
the precipitate of cadmium sulfide, and shaking the filtrate with silver earbo- 
nate to free it from hydrogen chloride. On evaporating the resulting solution, 
nearly pure proline was obtained as a pale yellow syrup. The picrate melted at 
154-155° C, with decomposition. 

A quantity of pure hydroxyproline was precipitated in the same way from 
the alcoholic extract after filtering with suction to remove C,H,O.N.CdCl,. 

Tyrosine —As already stated', we obtained tyrosine in a substantially pure 
state as originally precipitated. By recrystallizing a few times from water, an 
analytically pure product was obtained (N 7.61 and 7.62% as the averages of 
duplicate determinations in 2 different samples; calculated 7.74%). Its decom- 
position point was 312-314° C. The mixed melting point with a purified com- 
mercial product remained unchanged. 

Tyrosine usually crystallized from water as needles aggregated in bundles 
(Fig. 4); in some cases we obtained tyrosine also as long filamentary erystals 
(Fig. 5). A photomicrograph of nitrotyrosine, obtained by dissolving in con- 
centrated nitric acid, is shown in Fig. 6. 

Valine was originally obtained as a pale brown crystalline powder decompos- 
ing at about 270° C. Purification was effected by boiling several times in aqueous 
solution, each time with a fresh quantity of Norit, and slowly evaporating the 
perfectly colorless solution in a desiccator over sulfuric acid. The decomposi- 
tion point of crystals obtained in this way (see Fig. 7) was then 308-309° C, 


AD Lo) ‘ 


The picrolonate decomposed at about 172 
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CREAMING OF RUBBER LATEX * 
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The creaming of rubber latex was first observed as far back as 1824 when 
Hancock, working with what was probably Castilloa latex, observed that if this 
latex is well shaken with three or four times its volume of water and then 
allowed to stand, a separation into two layers will take place which thus effects 
a purification of the dispersion’. This phenomenon, reported again by Faraday‘ 
in 1825, is a spontaneous creaming which takes place with latices of large par- 
ticle size. 

Latex of Hevea brasiliensis will not cream spontaneously in this manner and, 
although other methods of inducing creaming, such as the addition of caustic 
alkali'®, were previously known, it remained for Traube in 1924 to patent the 
first method which would prove satisfactory for commercial concentration". 
Rahn had reported in 1922 that the natural creaming of milk could be greatly 
accelerated and made more complete if small amounts of gelatin or of similar 
hydrophilic colloids, such as gum tragacanth, gum arabic, peptone or albumen, 
were added to the milk before allowing it to stand?*. Recognizing the similarity 
between milk and rubber latex, Traube applied this knowledge to the develop- 
ment of the creaming of latex. He found such substances as carrageen moss, 
Iceland moss, and other vegetable mucilages to be effective in causing separation 
of the latex dispersion into two layers—the upper one rich in rubber and the 
lower one, generally termed serum, almost free of rubber. 

Since Traube’s discovery, a great amount of work has been done with the 
primary aim of developing better creaming agents and methods. However, until 
recently the theoretical background of the process has been neglected. Until 
as late as 1937, information available on creaming existed only in the form of 
scattered uncorrelated facts, with little or no knowledge of the underlying 
mechanism. Since then a handful of investigators have worked toward estab- 
lishing a theory for the actual mechanism of creaming which would explain the 
verified known phenomena and would assist in future development and possible 
improvement of the process. 

Outstanding among these recent contributions is the work of Baker, who first 
established the fact that the action of a creaming agent in accelerating the 
creaming process is by way of promoting the formation of loose, easily reversible 
agglomerates made up of the dispersed rubber particles’. With this as a basis, 
the cause of the resultant separation into layers appears obvious. Because of 
their size, these agglomerates of latex particles exhibit none of the Brownian 
motion characteristic of the individual particles of normal latex. With the elimi- 
nation of Brownian motion, the agglomerated particles, being much lighter than 
the dispersion medium, rise freely through the serum until they form a con- 
centrated upper layer. The sudden falling off in creaming rate shown in the 
typical rate curve (Figure 1) is generally believed te represent that time at which 
the clusters have concluded their free rise. Any further concentration is then 


* Reprinted from Industrial and Engineering Chemistry, Industrial Edition, Vol. 33, No. 1, pages 127- 
130, January 1941. This paper is based largely on a Sci. D. thesis of Bradley Dewey, Jr., at the 
Massachusetts Institute of Technology. 
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due to rearrangement of these clusters, under the influence of gravity, into more 
compact forms. 

The mechanism by which the addition of a creaming agent causes destabilization 
and agglomeration of normally stable, negatively charged, and hydrated protein- 
protected rubber particles has so far been controversial, even between the most 
recent investigators® 16, 

A new attempt, based on additional experimental evidence, is here made to 
establish the actual mechanism more firmly. 


PREPARATION OF CREAMING AGENT 


Latex preserved with formaldehyde and ammonia was used, and locust-bean 
gum was chosen as the creaming agent. It was deemed necessary first to deter- 
mine the best method for preparing and mixing the creaming agent with the 
latex. Satisfactory results cannot be obtained simply by mixing the creaming 
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Fic. 1.—Typical rate curve. Fig. 2.—Effect of concentration of creaming agent. 


agent directly with the latex; to be effective the creaming agent must be pre- 
viously dispersed in water. When cold water is used, and the water dispersion 
of the creaming agent is added immediately to the latex before the gum has 
had time to swell appreciably, the resultant creaming action is accompanied by 
a settling out of some of the unswelled gum in the serum. On the other hand, 
the results in the following table show that, if complete swelling is assured by 
heating the water dispersion before mixing it with the latex, this settling out 
is eliminated; furthermore, greater efficiency of the creaming agent results, as 
indicated by the figures showing that, under these conditions, it is possible with 
less creaming agent to separate a serum with a lower rubber content: 


Percentage concentration of Percentage of dry rubber con- 
creaming agent, based on tent in serum after cream- 
the liquid phase Condition ing for 5 days 
0.278 Unswelled, some settling out.............. 24 
0.170 Swelled, no settling Out.........cessecsccees 18 
0.170 Swelled ++ NHs, no settling out............ Le 


Still further improvement is noted when a small amount of ammonia is added 
to the creaming agent dispersion before it is mixed into the latex. Offhand, the 
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recorded increase in efficiency might be considered insignificant or even negligible. 
However, the fact that repeated checks always resulted in a similar increase 
in efficiency permits us to assume that the small difference recorded cannot, be 
accounted for by the limits of error inherent in the experimental procedure. 

Violent agitation of the creaming mixture has a triple effect. First, according 
to MeGavack, the induction period (the time which elapses before any separation 
into layers commences) is reduced'®. Secondly, probably as a result of more 
homogeneous mixing, the efficiency of the creaming agent is improved. And 
thirdly, the concentration of the resultant cream is substantially increased. These 
last two effeets are illustrated by the following results: 


After creaming for 5 days 


Percentage concentration of “Percentage dry rub- Percentage dry rub- 
creaming agent, based on ber content of ber content of 
the liquid phase eream serum 
O170 (not amtated) «.......6.000000% 60.8 18 
DFO) Camstated®) os csieskcsosssascnss 61.3 1.7 


“ Agitation was effected by passing the mixture through a Manton Gaulin colloid mill at 0.010-inch 
clearance. 


It is possible to explain all three of these effeets by assuming that violent agi- 
tation of the latex strips off a part of the protective protein adsorbed on the 
individual rubber particles. This removal of a portion of their stabilizing agent 
results in the particles being more sensitive toward the destabilizing action of 
the creaming agent and so agglomerating faster and more completely. The more 
concentrated creams formed are considered a result of the smaller volume re- 
quired by the modified particles. 


CONCENTRATION OF CREAMING AGENT 


The effect of varying the concentration of the creaming agent on the rubber 
content of both cream and serum after 5 days’ creaming was studied. Both 
locust-bean gum and ammonium alginate (Algin) were used as creaming agents, 
and the necessary measures were taken to insure their being thoroughly swelled 
in water before being added to the latex. The results of this part of the work 
are given in Table I and are graphically represented in Figure 2. 

They are of great interest in that they show a maximum in the rubber content 
of the cream occurring at that concentration of creaming agent just sufficient to 
bring the rubber content of the serum very close to its minimum (this is par- 
ticularly evident in the case of locust-bean gum and somewhat less sharply 
defined when using Algin). This relation between serum and cream curves can 
be explained only on the assumption that a direct relation exists between the 
strength of the cohesive force acting between individual particles and the con- 
centration of the creaming agent. The lower rubber concentrations in the creams 
obtained with very low creaming agent concentrations are best explained by 
assuming that the loosely formed clusters are prevented from becoming com- 
pactly arranged by the action of molecular bombardment. 

With higher concentrations of creaming agent, the increase in cohesive forces 
prevents ready rearrangement of the preformed clusters into a denser structure. 


ADSORPTION OF CREAMING AGENT 


With the aim of clarifying the disagreement existing between the most recent 
investigators as to whether or not the essential part of the mechanism of cream- 
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ing is the adsorption of creaming agent on the surface of the latex particle + 1, 
the relative viscosities of serums resulting from the creaming of latex dispersions 
of three different initial rubber concentrations were studied. The viscosity of 
the serum serves as an indication of the amount of creaming agent left therein 
after creaming has taken place. To strengthen the final results, different con- 
centrations of creaming agent have been used for each of the three rubber 
concentrations. 

Locust-bean gum was again used as creaming agent; it was prepared by being 
dispersed in cold water, swelled by heating this dispersion to 60° C, and then 
made alkaline by the addition of 0.3 per cent ammonia before being thoroughly 
mixed into the latex. To obtain dispersions of latex with lower concentrations 
of rubber than normal, normal latex was diluted with serum obtained by the 
electrodecantation of the same latex; the electrodecanted serum contained 2 


Tass | 
EFFECT OF CONCENTRATION OF CREAMING AGENT 
Percentage concen- After creaming for 5 days 
tration of cream- a oo 
ing agent, Percentage dry Percentage dry 
based on the rubber content rubber content 
Creaming agent liquid phase of cream of serum 
Locust-bean gum ...........- 0.042 10.5 57.8 
0.085 1.4 60.2 
0.127 2.0 60.8 
0.170 EZ 61.3 
0.212 Bs: 61.6 
0.254 1.2 61.9 
0.297 1.2 58.2 
0.382 LJ 57.6 
0.510 1.1 5a.) 
Ammonium alginate ......... 0.021 13.4 56.3 
0.042 a0 61.4 
0.085 2.0 60.4 
0.127 1.2 55.9 
0.170 08 ed 
0.212 08 46.8 
0.254 0S 13.6 


negligible amount of rubber hydrocarbon. Serum was used in preference to water 
to avoid possible errors introduced by varying the nonrubber solids concentration. 
This is of primary importance, since experiments summarized later have shown 
that the nonrubber solids of latex serum can have a marked effect on the physical 
characteristics of locust-bean gum dispersions. 

The results thus obtained are presented in Table II and Figure 3. All viscosities 
were measured with the Hoeppler viscometer, the limitations of which in its 
application to non-Newtonian liquids are fully recognized. However, as the 
error introduced in these experiments should always be the same at the same 
viscosities, its effect on the final analysis cancels out and is negligible. 

If one accepts the assumption that the creaming agent is adsorbed on the 
surface of the rubber particle, it must logically follow that for a given initial 
concentration of creaming agent its concentration in the serum after creaming 
must be lower, the higher the rubber content of the latex before creaming. The 
above results show that this is not the case with the creaming agent used. There- 
fore, they prove conclusively that the creaming agent is not adsorbed on the 
surface of the particle to any appreciable extent. 
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Since certain previous investigators have found evidence of particular creaming 
agents being adsorbed*: 1°, the conclusions above should be interpreted as mean- 
ing that adsorption, although it may take place, is not a prerequisite to satis- 
factory creaming. 


TaBie IT 


VISCOSITY OF SERUMS 





30.6 per cent dry rubber 20.6 per cent dry rubber 10.5 per cent dry rubber 
content of mixture content of mixture content of mixture 
Per cent cream- ‘Viscosity Per cent cream- Viscosity Per cent cream- Viscosity 
ing agent on of serum ing agent on of serum ing agent on of serum 
liquid phase (centipoises) liquid phase (centipoises) liquid phase — (centipoises) 
0.042 29 0.037 2.5 0.033 2.0 
0.085 3.3 0.074 2.6 0.066 2.3 
0.127 3.4 0.111 3.3 0.099 28 
0.170 5.5 0.148 3.6 0.132 3.9 
0.212 6.5 0.185 4.6 0.164 4.0 
0.254 9.2 0.222 6.0 0.197 5.6 
0.297 13.3 0.260 6.7 0.230 6.1 
0.340 149 0.296 10.5 0.263 7.0 
0.424 21.4 0.371 15.7 0.329 12.3 
0.510 43.5 0.445 23.2 0.394 15.1 


o- INITIALDRC = 30.6% 
e@- INITIAL DRC = 20.6% 
4- INITIAL DRC = 10.5% 


VISCOSITY IN CENTIPOISES 





0 10 20 30 .40 
% LOCUST BEAN GUM ON THE LIQUID PHASE 


Fic. 3.—Viscosity of serums. 


CREAMING MECHANISM 


Since it has been shown that, for creaming to occur, it is not necessary to have 
adsorption of the creaming agent on the latex particles, the action of the cream- 
ing agent in the destabilization of these particles can be the result only of some 
interaction between the creaming agent and the serum components. It is probable 
that any such interaction which could cause agglomeration would involve those 
components of the serum responsible for the stability of the dispersion, including 
both those in solution and those associated with the dispersed part. 














CREAMING OF LATEX 313 


Mutual desolvation has long been known as the cause of the coacervation of 
hydrophilic colloids of lke charge*:*: 12. That the agglomeration of latex in 
creaming might be due to some such mechanism was previously mentioned by 
Vester’* and later in more detail by Bondy®. The latter showed experimentally 
that certain typical creaming agents were capable of precipitating several well 
known emulsifying or stabilizing agents from their solutions. 

Experiments have now been undertaken for the purpose of further establishing 
the mechanism of agglomeration. The results of these can be summarized as 
follows: 


1. Locust-bean gum does not readily swell in latex serum obtained by electro- 
decantation. 

2. Locust-bean gum swells readily in latex serum ebtained by creaming with 
the aid of a creaming agent. 

3. Locust-bean gum swells readily in deammoniated latex serum obtained by 
electrodecantation. The addition of potassium hydroxide in small amounts (1 
per cent) to this serum prevents the swelling of locust-bean gum. 

4. When approximately 20 per cent by volume of electrodecanted serum is 
mixed into a 1 per cent swelled locust-bean gum dispersion, this viscous dispersion 
rapidly becomes ropy and gellike in its physical characteristics. 

5. The phenomenon of Experiment 4 cannot be produced by addition of latex 
serum obtained by creaming with the aid of a creaming agent. 

6. The phenomenon of Experiment 4 is not produced by the addition of de- 
ammoniated electrodecanted serum. The addition of 1 per cent potassium hydrox- 
ide to the mixture of serum and creaming agent dispersion causes the ropiness 
to be even more pronounced than in Experiment 4. 


The above experimental results must be considered as a strong indication of 
an interaction between the creaming agent and some component of the latex 
serum. Experiments 1 and 2 and Experiments 4 and 5 ean be explained on the 
assumption that the serum component involved is denatured in the creaming 
process by the presence of small amounts of creaming agent. The physical effect 
of this denaturization is to change the substance to a state where it apparently 
has a noticeably decreased affinity for water, particularly apparent in that, after 
denaturization, it no longer inhibits the swelling of locust-bean gum (Experi- 
ment, 2). 

One would expect that the action between creaming agent and serum illustrated 
in these results is identical with the action which takes place between creaming 
agent and latex, in which ease the result is destabilization and creaming of the 
latex. The stability of the latex particle depends largely on the natural proteins, 
and to some extent on the resin components of the latex. It is unlikely that the 
resins can be easily denatured, but the ease with which proteins may be denatured, 
especially by dehydration, is well known. 

Furthermore, proteins are known to hydrate strongly, and it is not improbable 
that their hydration strength is sufficient to hinder greatly the swelling of a 
second colloid (Experiment 1). 

These considerations point to the conclusion that the observed interaction is 
between the locust-bean gum on the one hand and natural latex protein on the 
other. Such an interaction has already been proposed by Bondy® when explaining 
the formation of a brown sludge from filtered serum to which had been added 
0.2 per cent of sodium alginate. The authors have shown that 0.2 per cent of 
locust-bean gum results in a similar action. 
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The nature of this interaction between locust-bean gum and serum protein, 
two hydrophilic colloids of similar charge, is most satisfactorily explained by 
the conclusions of de Jong”, whose work proved the ability of hydrophilic colloid: 
to desolvate one another by what is termed mutual desolvation. 

Thus, when small proportions of creaming agent are added to latex, the latex 
protein is desolvated (dehydrated) ; the result is that it becomes denatured and, 
owing to the reduced solvated hull, permits the individual protein-protected 
rubber particles to approach closely enough for agglomerating forces to act. 

A somewhat greater concentration of creaming agent so completely dehydrates 
the protein that this component itself is destabilized. The result is the sludge 
formation observed by Bondy and verified in this work. 

When the concentration of creaming agent is still further increased, as in 
Experiments 4 and 5, the protein has the ability to desolvate locust-bean gum 
somewhat, as evidenced by the formation of the ropy, weak gel. 

Mattson® 1! showed, theoretically and experimentally, that increasing the 
concentration of a noncoagulating electrolyte in a dispersion containing a hydro- 
philic colloid results in a decrease in the swelling ability of that colloid. The 
effect is apparent in the part played by potassium hydroxide in Experiments 3 
and 6, where this electrolyte has the effect of hindering or reducing the swelling 
of locust-bean gum. 

It is therefore proposed that the primary action of creaming agents in causing 
clustering of the latex particles is due to the dehydrating action of the creaming 
agent on the stabilizing protein components of the latex. 
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THE EFFECT OF RAPID STIRRING ON 
LATEX AND ON ITS CREAMING 


J. W. Van DaAtrsen 


RUBBER RESEARCH DEPARTMENT, PROEFSTATION WEST-JAVA, BUITENZORG, NETHERLANDS East INDIES 
THE MECHANICAL STABILITY OF LATEX 


It is well known that by imparting a rapid motion to latex, as by shaking, 
stirring, or rubbing, coagulation phenomena may manifest themselves. Fre- 
quently there is no immediate total coagulation, but rather flocculation or 
partial coagulation. The extent to which latex resists mechanical disturbances 
is referred to as its mechanical stability, to distinguish it from chemical sta- 
bility, which is the resistance of the latex to the action of chemicals. Here we 
are dealing only with mechanical stability, which, for the sake of brevity, will 
be referred to merely as stability. 

The stability of latex is determined mainly by the charge on the latex par- 
ticles, as recently discussed in detail by van Gils*, so that it is not necessary to 
enter more fully into this subject in this paper. 

By rapid mechanical motion, some particles may attain such rapid motion 
that they overcome the repelling forces of other particles, enter into each other’s 
sphere of attraction, and cling together. The greater the charge or density of 
charge, the less the likelihood, at the same rate of motion, of collision, 7. e., the 
longer before the same degree of flocculation or coagulation is reached. 

This fact is made use of in the preparation of rubber when, during transporta- 
tion of latex in the field, the pH, and consequently the charge of the latex 
particles, is increased by adding anticoagulants, thus preventing “shifting” or 
precoagulation. Obviously the stability of preserved latex, which is moved 
about a good deal before being used, is a very important factor to be considered 
by the buyer of latex. For this reason, various methods have been proposed 
for determining the stability of latex, but up to the present no standard method 
has been adopted. 

In the following tests the method of determination first described by Noble! 
was applied. Jordan, Brass and Roe? improved this method, but we have not 
availed ourselves of their changes. The method used in the present work was 
the following. 

A Hamilton-Beach drink-mixer (Type 18) was used, consisting of a motor 
with a vertical stirrer making 10,000 to 15,000 revolutions per minute; the 
stirrer is situated in the cup of the mixer. A determination is made with 
200 ec. of latex. The stirring period is determined by removing a drop of latex 
from the cup by a stirring rod; this drop, in a petri-dish with tapwater, exhibits 
macroflocculation. The stirring time, in minutes, is taken as the measure of 
stability. 

Determined in this way, the stability of unammoniated fresh field latex is 
2-3; on standing the stability declines, obviously as a result of declining pH. 
By ammoniating to 6-7 grams of ammonia per liter, the stability increases to 
4-6. By keeping ammoniated field-latex, the stability generally increases to 8-10. 
Rhodes‘, in his experiments on changes in latex after keeping, found only small 
and irregular changes in stability; but his method of determination differed 
fundamentally from ours, partly because, in his stirring tests, he added zine oxide. 
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The effect of adding soap to ammoniated latex is very considerable. The 
addition of 3-6 cc. of 10 per cent soap solution to 100 cc. of ammoniated fresh 
latex, increases the stability to 15 and higher; values from 20 to 30 are by no 
means rare. Very likely the charge of the latex particles is considerably increased 
by the addition of soap, and this is corroborated by a decline in the viscosity 
which occurs whenever soap is added®. The increased stability of ammoniated 
latex is probably to be attributed to soap being formed on storage. Rhodes" 
had already found that there was an increase in the total amount of fat acids 
in latex on storage, and we noticed an increase in the free higher fat acids in dried 
rubber obtained periodically from stored latex. Also previous observations on 
the decrease of surface tension of ammoniated latex during storage® 7, which 
were confirmed by Rhodes‘ and ourselves, point in the same direction. 

By creaming and centrifuging, a concentrate from ammoniated latex was ob- 
tained which in every case was less stable than the original latex. The stability 
of the fresh cream as a rule amounts to 2-8. This low value is probably mainly 
the result of the higher concentration, since a high concentration affords the 
rubber particles a greater chance to contact one another, so that a flocculate will 
be formed sooner than by stirring the original latex. However, the stability 
of the cream, also increases during storage, so that a stability from 10 to 15 is by 
no means exceptional in cream that has been kept for 3-4 months. 

It is fortunate that the stability of ammoniated latex increases during storage. 
If this were not the case, it would probably be desirable in many instances to 
add soap before shipping. 

In the foregoing discussion only a few average figures have been given with 
reference to stability determinations, since the results obtained with various 
kinds of latex vary considerably. For this reason a single test is not of very 
great significance. On the other hand, we have not yet sufficient data to deal 
with the subject statistically. Nor could statistical treatment be readily applied 
even on the strength of a great number of observations, because, as has already 
been indicated, both the DRC and the age of latex affect its stability. Also 
the previous history of latex is of influence for not only is the method of prepa- 
ration (whether concentrated or not, and the way of concentrating) of impor- 
tance, but also the moment at which the field latex has been ammoniated. 
Provisional tests have shown that stability is lower, the later the time of 
ammoniation. 

In determining stability, therefore, the stirring in all cases is continued until 
a macroflocculate appears. If stirring is continued further, complete coagulation 
takes place rapidly as a rule, but some varieties of latex behave abnormally. 
In carrying out the stability determinations, various phenomena were observed 
that seemed to warrant further investigation. This refers to latex stirred for a 
shorter time than is needed to produce a macroflocculate. The tests described 
below were in all cases carried out in a Hamilton Beach mixer; no tests were 
made with any other speed of stirring. 


UNAMMONIATED LATEX STIRRED RAPIDLY 


Any normal field latex which is tested within one to two hours after tap- 
ping shows a stability of 2-3. If such latex is stirred for, say, 4 minute, 
nothing special can be noticed in its appearance. If the latex so stirred is then 
allowed to stand quietly, it becomes more viscous; subsequently a macrofloc- 
culate is formed, and finally total coagulation results. This phenomenon takes 
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place within a period ranging from a few minutes to 1-2 hours, according to 
the stability of the latex and the time of stirring. 

In principle this might offer the possibility of obtaining a continuous coagulate 
without the use of chemicals. This can readily be performed in the laboratory 
by allowing the latex to pass through the cup of the Hamilton Beach mixer at a 
rate of 500 cc. per minute, while stirring. It was possible to stir a few liters of 
latex in this manner, but coagulation took place within about 15 minutes after 
stirring was discontinued. A white serum was obtained in this way, which still 
contained 3-5 per cent of rubber. 

This method, however, can hardly be applied on a technical scale, since the 
construction of a stirrer of the required capacity, rotating so rapidly, would 
not by any means be a simple matter. Moreover, should coagulation set in 
unexpectedly early in the stirring, the stirrer would be taxed severely. In view 
of the natural variation in the stability of field latex, the stirring time would 


TaBie I 


CHEMICAL ANALYSES OF THE PRECOAGULUM OBTAINED BY RAPID STIRRING OF 
AMMONIATED LATEX 


(Percentage by weight) 


Original Precoagulated 
latex latex Precoagulum 

Day of tapping... Dry rubber content........... 34.7 349 — 
gi We EEE Se 375 37.5 — 
Nitrogen ...... | 0.42 0.40 0.28 
PRR su eisiaiacas iat i in the crepe < 0.15 0.11 0.80 

Acetone-extract J 25 2.6 26 

Same latex after Dry rubber content........... 39.1 37.4 — 
4 days; sludge Total sulfur’... 60.6660 06c00 00 41.4 40.0 — 
decanted Nitrogen ...... | f 0.39 0.41 0.23 
ici eee eae rin the crepe < 0.14 0.14 0.20 

Acetone-extract 2.5 2.6 2.4 


have to be determined daily. Finally the loss of rubber in the serum would 
constitute a disadvantage. Considering all these factors, there was no practical 
inducement for a further study of this phenomenon in connection with other 
stirring periods, or with its application on a larger scale. 


AMMONIATED FRESH LATEX STIRRED RAPIDLY 


Whenever ammoniated fresh field-latex is stirred for periods shorter than 
those required to obtain a macroflocculate, a microflocculate always appears. 
If allowed to stand quietly, the latex will form a surface layer the viscosity 
of which increases until finally it forms a coagulate. We have to do, therefore, 
with a precoagulum; the quantity of precoagulum is greater, and is formed more 
rapidly, the nearer the period of stirring approaches the time for obtaining a 
macroflocculate. 

This precoagulum was chemically examined to discover to what degree the 
latex had coagulated, and whether a certain selective portion of the latex particles 
had coagulated more rapidly than the others. The thought was uppermost that 
perhaps, as in precoagulation with an acid, the resin globules might flocculate 
more rapidly than the rubber particles, but, as is evident from the observations 
in Table I, this is not the case. These data refer to ammoniated fresh field-latex 
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with a stability of 64 minutes. By adding formic acid, some of this latex was 
used to make a normal crepe, of which the ash, nitrogen and acetone extract 
were determined. The remaining latex was similarly examined after a pre- 
coagulum had resulted from stirring for 44 minutes. Also the precoagulum, the 
weight of which was 7 per cent of the weight of the rubber, was examined after 
it had been creped in rinsing, and dried. Finally, to eliminate magnesium- 
ammonium phosphates, formed when ammonia is added, the test was repeated 
after four days, with the same latex, but after the sludge had been decanted. As 
is evident from Table I, this decanting resulted in an increased dry rubber 
content, which is to be ascribed to natural creaming, to a comparatively high 
water content of the precipitate, or to both. 

This four-days-old latex, after the sludge had been decanted, was also stirred 
for 44 minutes. This gave a precoagulum containing 9 per cent of the total 
weight of the rubber. 

In view of the acetone extracts, there can be no question as to selective floc- 
culation of the resin globules. But the ash content of the precoagulum from the 
ammoniated fresh latex was remarkably high, perhaps because tiny crystals of 
magnesium-ammonium phosphate served as nuclei in the flocculation process. 
Therefore we repeated the experiment with the same latex, but after having 
decanted the sludge. Even after the removal of the precipitate containing 
the phosphate, the ash content of the precoagulum was still distinctly higher 
than that of normal crepe. Meanwhile it has been found, from experiments 
made in this laboratory by van Gils’, that this phenomenon is observed in all 
coagula obtained from latex by other than acids. When latex is acidified, the 
charge of the particles and adsorption of ions decrease, with the result that 
coagula obtained with the aid of acids always have lower ash contents than similar 
coagula obtained in other ways. 

When the precoagulum is removed, a latex remains which still appears micro- 
scopically to contain a microflocculate. Efforts were made to discover to what 
extent this microflocculate was reversible. For example, soap was added and 
the mixture then stirred rapidly in an attempt to redisperse the flocculated 
particles, but without success. These experiments were made because it was 
found that the precoagulated latex creams exceptionally quickly, giving a cream 
with a very high dry rubber content*. Thus is was found that, by creaming, 
after addition of 14 cc. of a 1 per cent solution of konnyaku meal to 100 ce. 
of ordinary field-latex (dry rubber content 33.9 per cent), a cream was obtained 
having a dry rubber content of 43 per cent, from the same latex, after rapidly 
stirring and sieving the coagulum, a cream was obtained of which the dry 
rubber content actually was 59.9 per cent. But in view of the fact that it was 
not possible to redisperse the macroflocculate, which, for most latex applica- 
tions, would prove to be a serious obstacle, the method here described is not 
likely to assume any technical importance. 


AMMONIATED FRESH LATEX STIRRED RAPIDLY AFTER ADDING SOAP 


As already stated, the stability of ammoniated fresh latex is increased con- 
siderably by soap. If such a mixture is stirred, no microflocculate appears. 


* Obviousiy our precoagulated latex was an entirely different latex from that obtained after adding 
small quantities of acids or salts, followed by ammonia. Such stabilized, precoagulated latex, if 
carefully prepared, contains no microflocculate, but it nevertheless creams better than does latex 
from which it is prepared (see Dutch Patent No. 40,177, and also reference 5). 
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According to Dutch Patent No. 35,737, rapid stirring of latex increases its 
creaming capacity. However, this patent states that this is only a temporary 
effect. Evidently in this case the stirring is not rapid enough to form a micro- 
flocculate, since this would improve the cream permanently, as we have already 
seen in the preceding chapter. 

The next problem was to determine to what extent latex containing soap, 
and stirred rapidly, but in which as yet no microflocculate had formed, creanis 
temporarily. In this connection it must be remembered that, by adding only 
soap, a higher creaming capacity is induced*. 

A few tests are summarized in Table II. These tests were made with am- 
moniated fresh latex to which soap had been added on the day it was tapped. 
Where stirring was resorted to, this was done after the soap had been added, 
and for a period of 5 minutes. For the purpose of: ascertaining whether the 
effect. of the stirring was only temporary, creaming was resorted to again the 
day after the mixture of soap and latex had been stirred, 7. e., after it had been 
kept for 24 hours. The creaming medium was 14 cc. of a 1 per cent konnyaku 


Tasie I] 


Tue Errectr or STirRING ON THE CREAMING oF LATEX CONTAINING Soap 


Dry rubber Latex + soap Latex + soap Increase in 
content of unstirred tirred dry rubber 
original (Dry rubber content ) (Dry rubber content) content 

latex Creaming _ —_~—_____ A—_— of eream by 
(Percentage) started Cream Serum Cream Serum stirring 
32.8 RC NOBGCE? 4.66 sesictves 56.1 2.2 57.8 2.1 1.7 
After 24 hrs....... 57.5 25 58.4 2.6 0.9 
303 AY ONGE 5:6-6:aaresaes 55.0 LS 58.7 2.0 a 
After 24 hrs....... 57.7 2.4 59.1 25 1.4 
34.4 AGM ORCE occu cee 58.5 20 59.3 2.4 0.8 
After 24 irs.....3.. 60.1 2.4 60.5 2.4 0.4 


meal solution per 100 ce. of latext. The quantity of soap added was 6 ce. of a 
10 per cent soap solution (Sunlight Soap) per 100 ec. of latex. 

The effect of stirring seems, therefore, to be only partially impaired when the 
stirred mixture is kept. This is the very opposite of what happens with Jatex 
containing no soap, and stirred in such way as to produce no floceulate. Table II 
also indicates that, after 24 hours, latex with soap creams better than it does 
immediately after the addition of soap. 

It is known that latex, even when kept without any admixture, acquires a 
higher creaming capacity, but since this is probably the result of the latex itself 
forming soap, it is remarkable that this small quantity of self-formed soap 
exercises an effect of its own, in addition to that exercised by the large quantity 
added. 

To be more certain of this, tests were made in which: (A) soap was added to 
latex on the day of tapping and the latex was immediately creamed; (B) latex 
was kept for 24 hours, and (C) latex was kept, after mixing with soap, for 24 
hours. To latex (B) soap was added; immediately afterward B and C were 
creamed. As is evident from Table III, the latex which was kept for 24 hours 
after soap had been added, creamed more effectively than did the latex to which 
soap was added after 24 hours. The worst results were obtained with fresh 

* Dutch Patent No. 39,122; for experiments see also reference 5. 

+t Method described in Dutch Patent No. 37,288. 
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latex to which soap had been added, and which was creamed immediately. If, 
therefore, latex is creamed after soap has been added, in accordance with Dutch 
Patent No. 39,122, better results are obtained if the mixture stands before 
creaming. Thus an improvement in the method described in the patent men- 
tioned has been discovered. 

In Chapter 1 it was stated that, when soap is added to latex, its viscosity 
decreases and its stability increases. It was also suggested that this might be 
the result of adsorption of soap ions on the latex particles. From the tests 
described above it is evident that this adsorption does not take place immediately, 
but reaches its maximum only after a considerable time. The fact that it takes 
a fairly long time for a new adsorption balance to be established is well known, 
and supports the reasoning above. 


Tas.e III 
CRrEAMING OF FRESH LATEX WITH Soap AppbEp; or Latex Kepr 24 Hours, AND Soap 
THEN ADDED; AND OF LATEX, WITH Soar Appep, Kept ror 24 Hours 


Added to 100 ee. of latex 


( 








10 per cent Dry rubber content 

Pretreatment Water soap solution Janae — 
of latex in ml in ml Cream Serum 
Ammoniated field-latex with 5 0 42.4 3.4 
soap (A) 4 1 42.6 2.0 
3 2 48.0 3.9 

0 5 49.0 3.4 

Soap added to latex after 24 5 0 15.5 1.9 
hours (B) { I 47.8 16 

3 2 49.3 3.6 

0 5 50.5 3.9 

Latex-soap mixture kept 24 5 0 45.4 2.1 
hours (C) 4 1 49.4 2.3 

s 2 52.8 2.3 

0 5 55.0 28 


) 
Dry rubber content of original latex = 32.7 per cent. 

By assuming that creaming is determined to a great extent by the adsorptive 
condition of the latex particles at the moment creaming is started, it may be 
possible to explain why, when such latex is stirred for a while, no microflocculate 
is formed. 

It is evident from Table II that when a mixture of unstirred latex and soap 
is kept, a greater increase in the creaming capacity results than when stirred 
latex containing soap is kept. This indicates that rapid stirring gives an effect 
corresponding to that obtained by prolonged storage of latex containing soap. 
In other words, the new adsorption balance which is gradually being established 
when soap is added to the latex, is more rapidly attained when the mixture is 
stirred. 

However, if rapid stirring does no more than advance the adsorption balance, 
then one would expect that a latex-soap mixture that had been kept for a con- 
siderable time after the soap had been added, would not be affected by stirring. 
But this is not the case. When the mixture is stirred just before creaming, 
the cream is always more abundant, as has already been described in Dutch 
Patent No. 35,737. This effect produced by stirring, is, however, only temporary. 
This is evident in the tests summarized in Table IV. 
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Test h in Table IV shows that if a latex mixture is rapidly stirred after having 
stood for 24 hours, the viscosity decreases and the cream increases compared 
with Test g, the corresponding unstirred latex mixture. The fact that the 
results of Tests g and i are practically identical indicates also that the effect 
of stirring on a latex that has already attained its adsorption balance is only 
temporary. 

These results suggest that this temporary effect of stirring is to be ascribed to 
a temporary interruption of the adsorption balance of the latex particles, in 
such manner that they temporarily assume a higher charge. If the stirred latex 
is kept before creaming is induced, then the adsorption balance is re-established, 
and the original viscosity and creaming capacity are obtained again. 


TABLE IV 


PRETREATMENT OF LATEX 
Dry rubber content t¢ 
A. = 





Tests Latex mixture Nao * ‘Cream Serum. 
a Matex = WEEE .ccccassicsecaweccens a onday 6.99 48.2 15 
b GAO =F BOG iia sic oocsepsiccaverys0e-3o sie: of 4.69 58.5 23 
c Latex + soap, stirred ............ | pees 4.12 59.3 2.4 
d Latex kept 24 hrs. + water...........eeee08 7.38(?) 48.7 1.6 
ce Latex kept 24 hrs. soap... ......0.00ee. 4.85 57.0 7M 
f Latex kept 24 hrs.+ soap, stirred......... 4.34 59.2 2.9 
g Mixture kept 24 hrs. (latex + soap)......... 4.19 60.1 2.4 
h Mixture kept 24 hrs. (latex + soap), stirred. 3.98 61.3 28 
i Stirred mixture kept 24 hrs. (latex + soap).. 4.21 60.5 24 


To 100 ce. of latex 6 ec. of water (or a 10 per cent soap solution) is added; to 100 ec. of this 
mixture 14 cc. of a 1 per cent konnyaku-meal solution is added. 

* Viscosity in centipoises at 30° C of the latex mixture before adding the creaming agent, determined 
by means of a Hoppler viscometer (see reference 8). 

+ Dry rubber content = 34.4 per cent. 


SUMMARY 


1. The paper first discusses the determination of the mechanical stability 
of latex when stirred in a Hamilton-Beach mixer. Data are given on the sta- 
bility of fresh latex, ammoniated latex, and concentrated latex. Particular atten- 
tion is called to the increase in stability of ammoniated latex which takes place 
during storage, a phenomenon which is probably attributable to the formation 
of soap and accompanying increase in the charge of the latex particles. Soap 
added to latex increases considerably its stability and creaming capacity. 

2. Fresh latex, stirred rapidly in a Hamilton-Beach mixer, undergoes micro- 
flocculation. The rapidly stirred latex coagulates entirely when it is allowed to 
stand quietly within a period of time which becomes shorter to the extent that 
stirring causes the mixture to approach more closely the point of actual coagu- 
lation in the mixer. This offers the possibility of coagulating fresh latex completely 
without the use of chemicals, but the method could be applied on a factory 
scale only with extreme difficulty. 

3. When ammoniated latex is stirred rapidly for a time shorter than required 
for coagulation to become appreciable, microflocculation results. If, after having 
been stirred, such latex stands quietly, partial coagulation results. In this case 
the quantity of coagulum is greater, and the time for it to form is shorter, the 
more closely the mixing period approaches the coagulation point in the mixer. 

The precoagulum obtained by rapid stirring, followed by standing and sieving, 
does not contain a high acetone extract like that in a precoagulum obtained 


3 








322 RUBBER CHEMISTRY AND TECHNOLOGY 


by adding acids or salts, but it has a higher ash content than has the coagulum 
obtained by acidification of the latex. 

The precoagulated latex obtained by rapid stirring creams exceptionally 
quickly, forming a highly concentrated cream; this cream contains, as does the 
original latex, a microflocculate which is irreversible, and probably is an obstacle 
to technical applications of this method. 

4. When soap is added to ammoniated latex, no microflocculate is formed by 
rapid stirring. Nevertheless, stirring increases the creaming capacity. It appears 
probable that, if creaming has commenced very shortly after soap has been added, 
the effect of stirring is twofold. 

a) The addition of soap as such increases considerably the creaming capacity 
of latex, as indicated by Dutch Patent No. 39,122. It has now been discovered 
that the maximum effect is reached only after the latex-soap mixture has been 
allowed to stand before creaming. The new adsorption balance which must be 
established on account of the soap is attained only after 1 to 2 days; this 
period, however, is shortened if the latex is stirred. This is the reason why 
rapid stirring of latex, to which soap has just been added, increases creaming. 

(b) But also after latex has attained its adsorption balance, rapid stirring 
increases creaming. This, however, is merely a temporary effect, as described 
in Dutch Patent No. 35,737. It was considered possible that the effect of 
stirring in such case might be due to a temporary disturbance of the adsorption 
balance of the latex particles, thus causing them to become temporarily more 
highly charged. 
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THE INVESTIGATION OF SYNTHETIC 
LINEAR POLYMERS BY X-RAYS * 
C. S. FuLLer 


BELL TELEPHONE LABORATORIES, NEW York, N., Y. 


I. INTRODUCTION 


The purpose of this paper is to review the results which have been obtained 
to date by the x-ray and electron diffraction study of synthetic organic linear 
polymers’?, The subject matter will be confined to truly synthetic compounds, 
and work relating to derivatives of natural linear polymers will be omitted. The 
latter studies for the most part relate to derivatives of cellulose, and these have 
already been reviewed by Sisson®’. Discussion of the techniques employed will 
likewise be omitted, since it will be necessary to conserve space to give a unified 
picture of the results on synthetic polymers in the allotted space. Readers 
interested in this part of the subject are referred to the literature and to standard 
works on the subject? 15 8°. 48, 42, To secure a better appreciation of the mean- 
ing of the investigations that have been made, it will be helpful to consider 
certain related topics before undertaking a study of the results themselves. We 
shall consider first the various ways in which x-rays can be employed in the 
examination of high polymeric substances. 


II. CLASSIFICATION OF X-RAY METHODS 


As in the case of low molecular compounds, there are a number of ways in 
which x-rays can be applied to the study of high polymeric substances. The 
various methods may be divided conveniently into three categories, depending 
on the object of the investigation. It may be desired (1) to identify a given 
substance; (2) to study the effect of certain variables on it, or, finally, (3) to 
unravel its inner molecular structure. In the first case, the procedure is the usual 
one of comparing the diffraction pattern of the unknown with patterns furnished 
by compounds of known constitution. Although this use of x-rays is of particular 
value in the case of high molecular substances because of the simple technique 
involved and because conventional methods are often difficult to apply to these 
substances, this use of x-rays will not concern us hk re. 

The second category mentioned above is that in which the effect of a given 
variable on the system is the object of study. According to this method, the 
investigator studies the effect of temperature, pressure, or a second substance, 
on the material in question. The effect of elongation on the x-ray pattern of 
rubber and the effect of sodium hydroxide on the x-ray pattern of cellulose are 
typical examples. Such studies are valuable in explaining the influence of ex- 
ternal agents on the inner molecular or crystalline nature of the substance under 
consideration, and much of the work on natural polymers falls in this classification. 

In most of the studies reported here, we shall be concerned with the last of 
the methods mentioned above, that is, with work designed to give information 
on the structural features of the substances under study. The specific utility of 
x-rays in this direction has been amply demonstrated by innumerable investi- 





* Reprinted from the Bell Telephone System Technical Publications, Chemistry Monograph B-1235. 
Already published also in Chemical Reviews, Vol. 26, pages 143-167, April 1940. 
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gations on inorganic and organic compounds of low molecular weight. In applying 
this method to substances of high molecular weight, the same rules and pre- 
cautions hold as with these low molecular compounds, but it is perhaps even 
more essential for the investigator to be aware of its limitations and pitfalls. 

In investigations with low molecular compounds single crystals are generally 
available, but in the case of high polymers we are limited to the investigation 
of polycrystalline, mesomorphic, or amorphous masses. Accordingly, the results 
are less definite and more difficult of interpretation than in the case of the 
simpler substances. For this reason it is necessary to consider chemical evi- 
dence along with x-ray data. In structural studies on high polymers in the 
past, one major difficulty has been the lack of definite knowledge regarding the 
chemical structure of these compounds. In the last decade considerable progress 
has been made in the synthesis of polymeric substances of known structure. 
There can be little doubt that, aided by these new data, the x-ray method will 
continue to contribute important information regarding the constitution of high 
polymeric substances. 

In addition to purely structural studies, x-rays also furnish considerable 
information on the colloidal nature of high polymers. Thus suitable techniques 
allow estimates to be made of the crystal particle size, the proportion of crystal- 
line to amorphous material present, and finally the orientation of the crystalline 
components relative to the surfaces of the specimen. The importance of these 
results in correlating the physical properties of these systems with their col- 
loidal structure will be considered later. 


III. LOW-MOLECULAR CHAIN COMPOUNDS 


No consideration of x-ray work on linear high polymers can neglect the ex- 
tensive results which have been accumulated on lower molecular chain com- 
pounds. Without going into detail, some of the important conclusions from 
these studies may now be reviewed. The first significant result is the proof that 
the long aliphatic chains in these compounds assume an extended tetrahedral 
zigzag form. Such a configuration (Figure 4a) had been suggested in 1917 by 
Langmuir*® from surface studies. Later, Piper and Grindley®’, Miiller®®, 
Shearer®*, and Miiller and Shearer®?, working with soaps and fatty acids, found 
that a parallel arrangement of chains in which the atoms were arranged in 
zigzag fashion accounted well for the x-ray results on these compounds. Sub- 
sequent work by Miiller®!, Hengstenberg?*, and others has established beyond 
all doubt the essential correctness of this configuration of the hydrocarbon chains 
in crystalline aliphatic compounds. 

A second significant conclusion from the work on chain compounds of lower 
molecular weight is that in all of these compounds the chains are packed together 
in the crystals as parallel rods of approximately the same effective cross-section 
(18.5 A*). These chains may be perpendicular or at a definite angle to the planes 
containing the ends of the molecules. Figure 1 illustrates the angles which have 
been reported for various paraffins, aliphatic alcohols, acids, and esters. The 
same substance under the proper conditions may show several different angles. 
It is on the basis of this difference in angle or “tilt” of the molecular chains 
that various polymorphic forms of certain of these compounds have been 
differentiated’®. 

Recently Kohlhaas and Soremba** have investigated carefully-prepared single 
crystals of n-triacontane (C,)H,.), and Kohlhaas** has examined a single crystal 
of cetyl palmitate; they have thus verified again the main conclusions in regard 
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to the structures of these compounds. In an important paper Schoon® has pre- 
sented a general theory of crystal formation of these aliphatic chain compounds. 
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Fic. 1.—-Inelination of hydrocarbon chains in various aliphatic compounds. 


A brief description of his concept will be of interest, since it has a definite bearing 
on the results on synthetic polymers to be considered later. Schoon points out 
that simple geometrical relationships exist between lattices of the various poly- 
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Fic. 2.—Origin of polymorphic forms of aliphatic chain compounds (Schoon). 


morphic crystal forms found in the case of most of these chain substances. The 
various forms are pictured as originating through a molecular gliding process, 
as illustrated in Figure 2. Thus, an orthorhombic form of erystal lattice, such 
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as that pictured in Figure 2a, may transform into other stable crystalline forms 
simply by a uniform gliding of rows of chains, as shown in Figure 2, b, c, and d. 
A type of glide such as in b or ¢ gives rise to a monoclinic cell, whereas the type 
shown in Figure 2d results in a triclinic cell*®. In this manner Schoon has been 
able to correlate a large amount of x-ray data on these compounds in a fairly 
quantitative way. For example, stearic acid has been found in a form having 
a unit cell a=5.62 A, b=7.54 A, and B=61.2° and in a form having a=9.46A, 
b=4.96A, and 6=54.2°%, Schoon’s concept accounts for the first form as a 
glide of successive (100) planes a distance of two chain atoms, as shown in Figure 
2b. The second form corresponds to a glide of successive (010) planes a distance 
of four chain atoms, as shown in Figure 2c. Further reference to Schoon’s theory 
will be made below. 
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Fic. 3.—Plane through (a) an ordinary and (b) a macromolecular type of molecular lattice. 


IV. GENERAL CHARACTER OF HIGH-MOLECULAR CHAIN STRUCTURES 


In the case of the low-molecular chain compounds already considered, the 
erystals are built up of molecules which are identical in structure, size, and shape. 
These crystals, by virtue of this fact, show well-formed faces and cleavage planes. 
As the length of the molecules increases, however, the forces arising from the 
end groups on the molecules become less important in determining the crystal 
structure than the lateral forces acting between the chains. Under these condi- 
tions the simple molecular lattice gives way to what has been called a macro- 
molecular?! or chain lattice (Kettengitter), in which the ends of the molecules 
occur at no regular positions in the structure (Figure 3), and hence do not give 
rise to reflections in the x-ray patterns. For convenience, therefore, we may 
define a high-molecular chain system as one which is composed of chain mole- 
cules of such length that the effects of the ends of the molecules in determining 
the structure are negligible in comparison with the rest of the molecule. It 
follows that x-rays can furnish no direct information regarding the chain length 
present in these systems*®. In the ideal cave the molecules in such a system are all 
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of the same length. In the case of real systems, however, a distribution of molecule 
sizes is always present. In this case the definition above refers to the average 
chain length. In general, the chain molecules comprising real high-molecular 
chain systems are produced by the primary valence repetition of a repeating 
unit or group. It is evident, therefore, from the above definition that the crystal 
structure in such systems will aepend on the nature of this repeating unit, and 
may be described conveniently in terms of it. 

Numerous theories regarding the constitution of high-molecular substances 
have been advanced. We shall distinguish here*®! only between the theories which 
view these substances as composed of “micelles” or “crystallites” of more or less 
definite size and shape? 35.36 and the theories which regard these substances 
as having a continuous structure containing less well-defined crystalline por- 
tions®®: 17, 8% 24, According to the first group of theories the crystalline particles 
are composed of long-chain molecules and are supposed to be held together by 
micellar forces or by another substance (Kittsubstanz). According to the second 
group the structure is integral in that the chain molecules may traverse both 
erystalline and amorphous areas. The latter view is taken in this discussion as 
explaining more satisfactorily the behavior of synthetic high-molecular com- 
pounds. These compounds may be regarded as consisting of chain molecules of 
different lengths which, over certain portions of their lengths at least, fit into 
a lattice-like arrangement (macromolecular lattice). These portions may be 
termed “crystalline regions” to avoid attributing to them any definite form. 
Over adjacent volumes of the material, however, the chains are to be regarded 
as in imperfect arrangement and to behave as amorphous or pseudocrystalline 
matter. These imperfections in structure may result from a grouping of mole- 
cule ends or from the geometrical inability to fit portions or ends of the long- 
chain molecules into the lattice work. In the case of impure compounds where 
similar but non-identical chains exist together, or where the chain molecule itself 
possesses an irregular structure, the occurrence of such imperfection areas is 
obvious!®, The relative proportion of these crystalline and amorphouse regions 
may vary widely. In some cases the amorphous regions may be continuous and 
in others the erystalline. 

On the basis of the above picture, we are justified in regarding these com- 
pounds as colloidal. It is not correct, however, to regard the system as a crystal- 
line component dispersed in an amorphous one or vice versa, since the two regions 
show no true interfaces but rather a blending of one structure into the other. 
Regardless of what picture represents the true situation, however, it is only by 
a consideration of both the amorphous and the crystalline nature of high poly- 
meric substances that, a complete explanation of their properties will be obtained. 
This view has been emphasized by Halle?® and recently again by Mark*®. 

An important characteristic of high-molecular chain systems is their property 
of crystalline orientation. If the crystal regions are not already oriented with 
respect to one or more directions in the specimen, they are generally susceptible 
to such orientation by application of the proper stresses. In the case of natural 
or synthetic fibers, the crystalline regions generally assume an orientation such 
that an axis of the crystal lattice lies along the fiber axis but the regions are 
otherwise random (uniaxial orientation). In all cases of fibers encountered in 
practice in which uniaxial orientation is present, it has been found that the 
chain molecules are aligned in the direction of the fiber axis. In films it is some- 
times possible to cause the crystal regions to assume a fixed orientation with 
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respect to two directions in the specimen‘? °7, In this case, in effect, we have 
produced an imperfect single crystal (selective uniaxial orientation)®’. Such 
foil structures aie the most suitable specimens for the determination of the 
erystal structure of the crystalline regions in the system under investigation. 


V. X-RAY RESULTS ON SYNTHETIC POLYMERS 


In considering published data on synthetic polymeric compounds, it will be 
evident that the majority of the investigations is concerned with the structure 
of the crystalline regions as defined above. Since in many cases this portion 
represents essentially the whole of the system, this restricted view is generally 
justified and offers the best approach to the more complex cases where the, 
system contains considerable amorphous matter in addition to the crystalline. 


A. PoLYMETHYLENE OXIDES 


Staudinger"? was one of the first to appreciate the value of studying synthetic 
polymers to throw light on the nature of high polymeric substances. One of 
the first series of synthetic compounds to receive attention from both the vis- 
cosity and the x-ray standpoints was polyoxymethylene. Employing carefully 
fractionated samples of polyoxymethylene diacetates containing from nine to 
nineteen (CH,O) repeating units in the molecule, Staudinger, Johner, Signer, 
Mie and Hengstenberg?® showed that each of the lower fractions formed true 
crystals, from which the length of the molecule could be determined. From the 
uniform increase in this length for the various fractions, the length of the CH,O 
unit was found to be 1.93 A. In the ease of the higher diacetates, however, the 
reflections corresponding to the length of the molecule disappeared, and a 
macromolecular lattice (Figure 3) was considered to form. Hengstenberg?’ pic- 
tured the polyoxymethylene chain as consisting of nine CH,O units arranged 
in a threefold screw axis. The fiber period was therefore 17.4 A. From a high 
polymer he succeeded in drawing oriented threads which gave a typical x-ray 
fiber pattern. Ott®°, although agreeing with the Staudinger chain molecule con- 
cept, disagreed with the results of Hengstenberg on the formation of a macro- 
molecular lattice. Ott found spacings of 45.1 A and 113.4 A, which he identified 
with the molecule lengths in 8- and y-polyoxymethylene, respectively. Sauter*! 
again undertook the study of these compounds, but. was unable to find the long 
spacings observed by Ott. From rotation photographs on a minute single crystal 
of 8-polyoxymethylene, Sauter determined an identity period of 17.25 A along 
the c-axis (fiber axis) of the crystal. The identity periods in the other two 
directions were 4.43 A and 7.69 A, in good agreement with the previous work 
of Hengstenberg. The crystal was believed to belong to the hexagonal space 
group C3 or C3. In a later paper Sauter** considered in detail the chain con- 
figuration of the polyoxymethylenes, and concluded that the polyoxymethylene 
chain consists of a nearly planar “tub” form (Figure 4b) of chain rather than 
a zigzag type such as in the paraffins (Figure 4a). The presence of the threefo'd 
rhythm, however, necessitates a nonplanar arrangement. 

In an interesting paper, Kohlschiitter and Sprenger*4 showed that cyclic 
trioxymethylene is transformed under the proper conditions into linear polyoxy- 
methylenes. They found that individual fibers gave a highly oriented fiber pat- 
tern apparently identical with that previously observed by Hengstenberg. 
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(a) 


Fig. 4..—Planar configurations of single-bonded carbon chains. a, zigzag or trans configuration ; 
b, “tub” or cis configuration; c, ‘*meander™ Configuration. 
, 8 > 


(c) 


B. PoLyeTHYLENE OXIDES 


From a study of polymers obtained by the polymerization of ethylene oxide, 
Staudinger®® concluded that the chain molecules in solution were much shorter 
than one would expect from the number of atoms in the molecule. He therefore 
assumed a “meander form” of chain, as shown in Figure 4c. Sauter®® studied 
polythylene oxides in the solid state, and found evidence of a strongly shortened 
‘“meanderlike” chain as the viscosity measurements indicated for molecules im 
solution. Sauter found no change in the x-ray patterns (powder) with increase 
in average molecular weight. From an elongated sample of high polymeric 
polyethylene oxide be obtained a fiber pattern from which a fiber period of 
19.5 A was calculated. The unit cell is bounded by four chain molecules aligned in 
the fiber direction and perpendicular to a simple monoclinic base having a=9.5 A, 
c=12.0 A, and B=101° Thirty-six ethylene oxide units are present in the cell. 
From symmetry and bond considerations Sauter deduced that nine ethylene 
oxide units were present in each chain over the distance corresponding to the 
fiber period. This requires a highly folded configuration, and Sauter was led 
to regard it as a meanderlike chain, although he did not picture it as being 
necessarily planar. H. Staudinger, M. Staudinger, and Sauter’? recently have sum- 
marized their findings on the crystalline nature of polyethylene oxides and poly- 
methylene oxides. They obtained microscopic evidence showing that the erystal 
size in these polymers varies inversely as the degree of polymerization. For 
degrees of polymerization above 500, they found that polyethylene oxides could 
be “cold-formed” into fibrillar regions of definite cross-section. Fibrils of 0.154 
(1500 A) diameter were reported in the case of the polyoxymethylenes from 
examinations under the ultraviolet microscope. By way of comparison they 
suggest that fibrillar aggregates as low as 100 A in diameter are probably present 
in cellulose because of fibrillar shattering. The examination of single crystals 








330 RUBBER CHEMISTRY AND TECHNOLOGY 


of 8-polyoxymethylene showed no basal cleavage, but a rough surface fracture. 
Bending of these crystals caused fibrillar shattering, indicating them to be 
intrinsically brittle. 

The main findings of Staudinger and his associates on polymethylene and poly- 
ethylene oxides may be summarized as follows. (1) As in the case of low 
molecular chain compounds, the molecules in synthetic polymers crystallize with 
the chains parallel. Oriented fibers of the polymers, like oriented natural fibers, 
contain the long axis of the chain molecules parallel to the fiber axis**. The 
configuration of the long-chain molecules, however, is variable and depends 
on the nature of the chemical repeating unit. (2) It is unnecessary for the 
molecules of a polymeric series to be of equal length (molecular weight) to form 
crystals. In such macromolecular crystals the end groups represent impertec- 
tions in the lattice (Figure 3), and the chemical repeating unit in the polymer 
may be considered as the unit of packing. A macromolecular lattice is also sup- 
posed to form in the case of equally long molecules of sufficiently great length. 
There may be, however, in view of Ott’s findings, some question as to whether 
this latter point has been sufficiently proven, since it is extremely difficult to 
prepare high polymers of strictly uniform length. 

Barnes and Ross* also studied the polyethylene oxides, and compared their 
x-ray patterns with higher polyethylene glycols. They were able to detect no 
difference in the Debye-Scherrer patterns of the polymers prepared by the 
different methods. 


C. Linear PoLyesters 


As a result of previous work by Carothers®: 1°, Carothers and Hill'' in 1982 
prepared linear polymers by the intermolecular polycondensation of diabasie 
acids and glycols which exhibited the remarkable property of orienting or 
“eold drawing” when stress was applied to unoriented rods of the material. 
Kenney'! showed that cold-drawn fibers of polyethylene sebacate gave well- 
oriented fiber patterns, from which identity periods could be calculated, cor- 
responding roughly to the length of the repeating unit in the chain molecules. 

Fuller and Erickson*° later undertook an x-ray study of various linear poly- 
esters. They found that, analogous to polymethylene and polvethylene oxides, 
polyesters showed identical Debye-Scherrer patterns with increasing average 
molecular weight. Oriented (uniaxial) specimens of high polymeric ethylene 
succinate, ethylene adipate, ethylene azelate, ethylene sebacate, trimethylene 
sebacate, and diethylene sebacate were examined. The identity periods along 
the fiber axis were obtained from the fiber patterns of the various compounds. 
It was concluded from this work that in all cases the chain molecules are aligned 
along the fiber direction. Comparison of calculated lengths for various chain 
configurations shows that the chain molecules in the adipic, azelaic, and sebacic 
esters of ethylene glycol agree well with a planar zigzag paraffin type of chain. 
The succinate ester requires an entirely different chain configuration from the 
other compounds of the series. A helical type of chain somewhat analogous to 
that observed by Sauter*? for polyoxymethylene was found to agree best with 
the results. The chains in the trimethylene and diethylene polyesters of sebacic 
acid also deviated from the zigzag form, and probably represent helical or folded 
structures. Storks’* applied the electron diffraction method successfully to thin 
films of polyethylene succinate, adipate, and sebacate. His results on oriented 
specimens agree well with those of Fuller and Erickson?®. Storks concluded 
that the crystals present in these films are of very small cross-section, since they 
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are randomly rotated in the cross-section of films less than 400 to 1000 A thick. 
The fiber patterns also clearly showed the presence of meridian reflections which 
(because of the diffraction angle) were not observed in the case of the x-ray 
patterns. These reflections in the case of the succinate indicate intermediate 
planes at 2.1. A along the fiber axis and, in the case of the other two esters, 
confirm the correctness of the zigzag type of chain configuration. Finally, 
Storks observed selective uniplanar orientation®? in unstretched films of poly- 
ethylene sebacate. In this case the erystals, although random in the film plane, 
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Fic. 5.—Length of chemical repeating unit as a function of number of chain atoms for the ethylene 
and decamethylene series of polyesters. 


show an approximately fixed orientation about the chain axis. The work of 
Storks illustrates clearly the utility of electron methods in the study of thin 
films of organic polymers. 

Subsequently, Fuller and Frosch?! summarized the work on the ethylene series 
of polyesters, and in a later paper?? treated the decamethylene series of poly- 
esters. The polymeric self-ester of hydroxydecanoic acid was also considered in 
the former paper. Without going into detail, the results of these studies may 
be summarized as follows. 

The ethylene series of polyesters above the glutarate, and the decamethylene 
series above the carbonate, are found to possess chains which are essentially 
planar zigzag in configuration. Figure 5 shows the regular increase in the length 
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of the repeating unit with the number of chain atoms for each series. The slope 
is the same in both cases, and corresponds to 1.26A per CH, group. This is 
precisely the slope calculated on the basis of a tetrahedral arrangement of carbon 
atoms at a distance of 1.54 A from each other*'. The slight displacement of the 
curves for the two series from one another may be real?°. It is, however, close 
to the experimental error. The deviation from the calculated curve may be due to 
an error in the assumed oxygen valence angle or in the C—O bond distance’. The 
chain molecules pack in the crystal in the same manner as has been found to 
hold for the paraffins®! °°. 88, There is some evidence that a nonbase-centered 
arrangement, such as Kohlhaas*? has proposed for cetyl palmitate, is the correct 
one. We may picture the structure of these compounds as shown in Figure 6a, 
which shows the type of chain arrangement assumed in the case of ethylene 
azelate and, in general, by polyesters which contain an odd number of chain 
atoms. In this case the carbonyl groups in adjacent chains align themselves in 
horizontal planes. The chains in these esters (as can be seen from their structural 
formula) possess a twofold screw axis. Figure 6b shows the situation which 
holds for most of the even esters of both series. In this case, although the chains 
pack in cross-section as in Figure 6a, they are no longer arranged with the 
-arbonyl groups opposite, but are apparently displaced various amounts parallel 
to the chains for different even esters. For comparison the fiber patterns ob- 
served for polythylene azelate (odd) and polyethylene sebacate (even) are given 
in Figures 7a and 7b, respectively. The ethylene esters from the adipate on all 
appear to conform to the same pattern:—the chains are displaced parallel to 
their length a distance of two chain atoms in successive (100) planes. This 
arrangement is analogous to that shown in Figure 2b. In the ease of the deca- 
methylene esters, with the exception of the oxalate which packs in cross-section 
somewhat differently from the others, the situation is similar. However, instead 
of a constant displacement of successive planes a distance of two chain atoms, 
as in the case of the even members of the ethylene series, we find evidence of glides 
of other magnitudes. Thus, decamethylene sebacate appears to be analogous to 
the ethylene case, whereas decamethylene succinate agrees best with a displace- 
ment of four chain atoms in (100) or five chain atoms in (010). In decameth- 
ylene suberate, half of the chain molecules appear to have been displaced one- 
half a repeating distance relative to the other half. In the case of the odd 
decamethylene esters, as in the odd ethylene esters, second-order meridian reflec- 
tions are observed, indicating a chain alignment in the crystal, as shown in 
Figure 6a. The situation, however, is complicated by the presence of “even” 
type reflections as well. Likewise, the even adipate ester is complicated by the 
presence of “odd” type reflections. The best explanation of the simultaneous 
occurrence of these reflections at the present time is that, in these members 
of the decamethylene series, crystals of both the “odd” (Figure 6a) and “even” 
(Figure 6b) types are present. 

The analogy of the above results to those reported for the low-molecular chain 
compounds is immediately evident. The orthorhombic and monoclinic forms 
reported for the paraffins and fatty acids (Figures 2a, 2b, and 2c) correspond 
to the forms of the esters shown in Figures 6a and 6b, respectively. Thus the 
structure of the even ethylene esters corresponds closely to the monoclinic form 
for stearic acid (a=5.546 A, b=7.38 A, and 8=63° 38’ reported by Miiller®*) 
except for the c-edge of the cell§¢. The applicability of the theory of Schoon* 
to these polymeric compounds is therefore evident. Just as in the case of the low- 
molecular compounds, we may assume a molecule gliding, resulting in a variety 
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of stable crystal forms. The “tilt” of the chains in the low molecular compounds 
corresponds to a uniform gliding of the molecules along the fiber axis in the case 
of the high-molecular compounds. So far, however, it has not been possible to 
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bring about changes in these forms by heating at definite temperatures, as has 
been done in the low molecular crystals. 


D. Linear PoLyAMIDES 


No work relating to the crystalline nature of polyamides!” has yet appeared. 
Unpublished data of the author, however, show a close analogy to exist between 
these chain compounds and linear polyesters. Thus, Figure 7c shows a fiber pattern 
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of polyhexamethylene adipamide**. The observed fiber period of 17.0A agrees 
well with that calculated (17.3 A) on the basis of a planar zigzag chain®*. A 
fiber pattern of natural silk is given in Figure 7c for comparison. The pattern 
(Figure 7d) shows that essentially planar zigzag chains are present in somewhat, 








Fig. 7.—X-Ray fiber patterns; fiber axis vertical. a, polyethylene azelate, 3.5 cm.; b, polyethylene 
sebacate, cm.; ¢c, natural silk, 3.0 em.; d, polyhexamethylene adipamide, 4.0 cm.; e, polyethylene 
tetrasulfide, 2.6 cm.; f, polyethylene disulfide, 3.5 cm.; g, gutta-percha, $-form, 4.0 cm.; h, poly- 
chloroprene, 4.0 ecm.; i, polyvinyl alcohol, 4.0 cm.; j. polyvinyl chloride, 4.0 em.; k, polyvinylidene 
chloride, 4.0 cm.; m, polyisobutylene, 4.0 cm. 


different arrangement in cross-section from that in the paraffins. The number 
of possible polyamide structures is very great, and this class of linear polymers 
will in the future undoubtedly furnish most valuable information on the structure 
of both synthetic and natural high polymers. 
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E. Linear Potysu.rFipes 


Another interesting class of synthetic compounds on which little has been 
published is polymeric organic polysulfides*t. Katz became interested in these 
compounds in 1934. Katz and Fuller®! showed certain of them to be crystalline 








Fig. 7.--e, f, g, h. 


in the unstretched condition, and to be capable of a high degree of orientation 
on elongation. Figure 7e shows the fiber pattern produced by the compound 
formed by the reaction of ethylene dichloride and sodium tetrasulfide. 

The pattern appears to be a composite one, consisting of a strong fiber dia- 
gram superimposed on a weaker one. Whether the weaker pattern is due to 
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an impurity®’ or to another crystal modification of the tetrasulfide is not known. 
Neglecting the reflections which do not rationalize with the main layer-line 
system, we obtain a fiber period of 4.32+0.03 A*!. This value agrees with 2 
type of chain (not necessarily planar) shown in Figure 8d, in which two sulfur 








Fic. 7.—i, j, k, m. 


atoms are joined to the ethylene residue and two are joined to these sulfurs to 
form a ring’’. This picture appears more likely than the one previously given*’, 
in which two sulfurs were attached latterly to two sulfurs in the chain. As 
Patrick®? has shown, there is good chemical evidence for the fact that two of 
the sulfur atoms are bonded differently from the other two. 
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Unlike polyethylene tetrasulfide, polyethylene disulfide** prepared from ethylene 
dichloride and sodium sulfide gives a fiber pattern (Figure 7f) which is indica- 
tive of a pure compound. The observed fiber period is 88+0.05A. The appear- 
ance of a strong second-order meridian reflection, together with a fiber period 
which is almost exactly two times that observed for the tetrasulfide, strongly 
suggests that the disulfide possesses a chain configuration like that shown in 
Figure Se, in which every alternate repeating C,H,S, group is rotated through 
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180°. The length of this unit, between 4.3 and 4.4 A, is in good agreement with 
the value 4.34 A, calculated from the planar form shown in Figure Sd assuming 
C—C=1.52 A, C—S=1.75 A, and angles of 109.5° and 108°°* at carbon and 
sulfur, respectively. 
F. Vinyt Derivatives 

The synthetic polymers produced by the polymerization of compounds pos- 
sessing the vinyl group, although, of great industrial importance, have not been 
the subject of much careful x-ray investigation. These compounds are now 
generally conceded to be formed as a result of an activated chain reaction, which 
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results in a distribution of polymers of various chain lengths. Evidence has 
been presented by Marvel*®: 4% 47 for a “head-to-tail” arrangement of repeating 
units in most of these compounds. Because of the nature of the polymerization 
reaction, however, the chain molecules do not appear to possess as high a degree 
of linearity and regularity as those produced by polycondensation. Nevertheless, 
in many cases a considerable degree of crystallinity is present, and useful 
information can be obtained by x-ray study. 

(1) Polyethylene—By the polymerization of ethylene it has been possible? 
to build extremely long hydrocarbon chains. Because of the twofold symmetry 
of the repeating unit, regular molecules arise in this case which crystallize in 
a macromolecular type of lattice. In a recent work Bunn’ has determined that 
the repeating units, as might be anticipated, are arranged in an orthorhombic 
cell (Pnam) having a=7.4 A, b=4.93 A, and c=2.534 A. The chains are par- 
affinic in configuration (Figure 4a), and in a rolled sheet are aligned in the 
rolling direction with the (110) plane in the sheet plane. From a comparison of 
the observed and calculated intensities, Bunn concludes that the spherical carbon 
atom in the present concept of the hydrocarbon chain must be replaced by a 
carbon atom with an electron cloud flattened in the direction of the chain. Pre- 
sumably this finding applies to all primary valence chains. 

(2) Polyhaloprenes—Carothers and Kenney!* 14 showed that chloroprene and 
bromoprene are amorphous in the unstretched condition but crystallize on 
elongation, giving a fiber diagram as in the case of natural rubber. The observed 
fiber period is 4.8A in the case of chloroprene®®. The authors point out that 
the chain molecules approximate the gutta-percha type of configuration rather 
than the more folded rubber type. The close analogy to gutta-percha is shown 
by their respective fiber patterns in Figures 7g and 7h. Garbsch and von Susich** 
obtained a fiber period of 48+0.1 A at 600 per cent elongation on chloroprene 
rubber. Krylov®® studied chloroprene with electron rays and reported an ortho- 
rhombic cell with a=9.0 A, b=8.23A, and c=4.79 A (fiber axis). Both chloro- 
prene and bromoprene give broad fuzzy reflections in the fiber pattern. This is 
indicative of an imperfect arrangement of repeating units in the lattice (perhaps 
because of irregular chain structure) or of extremely thin crystals**. A com- 
parison of the chain structure for chloroprene with that for gutta-percha is 
shown in Figures 8a and 8c. Since the calculated fiber period for these con- 
figurations is approximately 0.2 A larger than the observed, it is probable that 
the chain deviates from planar. The Meyer and Mark*® structure for natural 
rubber is given in Figure 8b. 

(3) Polyvinyl alcohol—Halle and Hofmann**® have obtained a sharp fiber 
diagram from polyvinyl alcohol by stretching under the proper conditions. They 
find a fiber period of 2.57 A. This is slightly more than the value expected from 
a planar zigzag chain, and the authors suggest that this may be due to an increase 
in the tetrahedral valence angle. 

The author®® has repeated this work recently and has found from a sharp 
fiber pattern (Figure 7i) an identity period of 2.52+0.02 A, in very good agree- 
ment with the accepted value for the alternate carbon-to-carbon distance along 
a planar zigzag chain. The configuration of the polyvinyl alcohol chain, shown 
in Figure 8g, conforms to the finding of the “head-to-tail” structure in this com- 
pound by Marvel and Denoon**. 

(4) Polyisobutylene—Brill and Halle? examined polyisobutylene by means 
of x-rays. They found it to give on stretching a fiber pattern similar to that of 
natural rubber. The fiber period observed was 18.5A. They concluded that 
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helical rather than zigzag chains are present. A fiber pattern obtained on this 
material®! by the author is shown in Figure 7m. An extremely high degree of 
orientation and crystallinity is indicated. The meridian reflection observed on 
the eighth layer-line arises from intermediate planes perpendicular to the fiber 
axis and 2.3A apart. A “head-to-tail” structure is therefore indicated, the 
shortening arising from a helical arrangement of the pairs of methyl groups such 
as Brill and Halle have suggested. 

(5) Miscellaneous vinyl derivatives—Natta and Rigamonti°®? examined a num- 
ber of vinyl polymers by means of electron rays. They found polyvinyl acetate 
to be amorphous, polyvinyl chloride and polyvinyl bromide to be partly crystal- 
line, and polyvinylidene chloride to be quite highly crystalline. Misch and 
Picken*®, however, found a thickening of the amorphous ring of polyvinyl 
acetate on stretching at 60° C, in agreement with Katz*!, and concluded that 
irregular chains are probably present. 

The author has found a fiber period®? of 5.0+0.05A for polyvinyl chloride. 
(Figure 7j). This value indicates the presence of a planar zigzag chain, and in 
view of the proof of the 1:3 structure of vinyl chloride*®, necessitates every 
other chlorine atom being differently disposed along the chain. A suggested 
arrangement is that shown in Figure Sf, in which the chlorines take up alternate 
positions on opposite sides of the chain. Such a configuration is in agreement 
with the repulsion of chlorine atoms at this distance, as found by Beach and 
Palmer* in the case of ethylene dichloride. 

The repulsion between chlorine atoms apparently also plays a part in determin- 
ing the structure of polyvinylidene chloride, (—CH,—CCl,—),. Oriented 
samples of this substance give sharp fiber diagrams (Figure 7k). The observed 
fiber period®* is 4.7+0.05 A. A strong second-order meridian reflection is also 
present, which indicates a 1:3 disposition of the pairs of chlorine atoms. The 
fiber period shows a definite shortening compared to the planar zigzag arrange- 
ment of carbon atoms which requires a period of 5.0 A. Such a shortening can 
be obtained by a partial rotation of alternate pairs of chlorine atoms, as illus- 
trated in Figure 8h. It is evident that this arrangement, with the individual 
chlorine atom the maximum distance from its neighbors, is in agreement with 
the repulsion of these atoms mentioned above". 

There can be little doubt that in the case of many of the vinyl polymers we 
have to do with systems containing much amorphous material. Katz! has 
pointed out that in many cases the “amorphous” rings in these substances cor- 
respond closely to rings given by the liquid monomers themselves, and that they 
often give in addition another ring which he calls the “polymerization ring”. 
Thus, in the case of polystyrene a ring (d=4.8 A) corresponding to liquid styrene, 
and an inner ring (d=10 A) corresponding to an interchain spacing, are observed. 
Likewise in polyvinyl acetate an inner or polymerization ring (d=7.0 A) is ob- 
served, which Katz identifies with the interchain distance. In both polystyrene 
and polyvinyl acetate (as mentioned above), it has been possible to cause a 
splitting of these inner rings corresponding to a parallel ordering of the chains. 
There is, therefore, good evidence that the long chains in many of these polymers 
exist in a sort of mesomorphic arrangement, in which portions of the chains 
are arranged parallel and at a given distance apart but are otherwise unordered. 


VI. CONCLUSION 


The ultimate aim of research on high polymeric substances is to explain the 
properties of these substances in terms of their inner colloidal and molecular 
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nature. x-Ray and electron diffraction investigations, as we have seen, have 
furnished considerable data on this inner structure. Nevertheless, it is of the 
utmost importance that the investigator in this field does not obtain a one-sided 
view from the past work. Nearly always a given study relates to only one phase 
of the general problem. For example, it is wrong to assume that, since the 
“unit cell” for cellulose has been well established, we therefore know its entire 
structure. In reality we have determined simply that parts of the cellulose have 
this structure. How these parts fit into the other parts that make up the entire 
system is still not clear. Here again the synthetic high polymers can be of great 
help. By employing simple polymeric molecules of known chemical constitution 
and structure, and by determining how these molecules behave in the aggregate, 
we may expect to make progress in understanding these complex systems. In 
this endeavor a closer control of both the specimens under examination and the 
technique itself will serve to make the diffraction method an even more valuable 
tool for the study of high molecular compounds. 


The author is indebted to C. J. Frosch and W. O. Baker for many helpful 
suggestions. Thanks are also due to N. R. Pape for aid in obtaining certain of 
the x-ray results. 
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FORMATION OF COMPOUNDING 
INGREDIENTS IN RUBBER * 


D. F. Twiss, A. E. T. Neave and R. W. Hae 


DunLop Ruspper Co., Fort DuNLor, BIRMINGHAM, ENGLAND 


In 1923, dealing with compounding ingredients for rubber, one of the authors’, 
with particular reference to compounding rubber with carbon black, commented 
on the attractiveness of the possibility of producing a compounding ingredient 
immediately inside the rubber colloid medium, to assure its formation in a state 
of uniform and intimate distribution with reinforcing effect, and with incidental 
avoidance of the economic and technical disadvantages attendant on mechanical 
mixing. 

Numerous experiments, however, with this aim, have given disappointing 
results. For instance, all attempts to produce amorphous carbon by means of 
chemical reaction in a rubber medium have been frustrated, either by the special 
conditions, so that the expected reaction proceeded in an unexpected and un- 
desired direction, or by the carbon separating outside the rubber medium pro- 
vided for it. A number of endeavors with the same aim, 7.e., the improved com- 
pounding of rubber, but based on other possible compounding ingredients, was 
described in another paper in 19332, in which the ideal conditions for compound- 
ing nm situ were reviewed. Two of the more important of these conditions were 
that the compounding ingredient must be formed in the rubber phase and must 
be as nearly insoluble therein as possible. More recent investigations into the 
mechanism by which carbon black exercises its beneficial influence on the 
mechanical qualities of rubber in which it is dispersed admittedly indicate that 
mere dispersion of ultrafine particles in the rubber phase may not be the only 
important factor. At present, however, such dispersion of fine particles appears 
to be an essential first step in the compounding process for eventual reinforce- 
ment, so that compounding by formation of reinforcing agents in situ may still 
provide a valuable or even essential step in methods for the production of rubber 
with exceptionally enhanced physical or mechanical characteristics. 

In addition to the somewhat unusual reactions mentioned in the above paper, 
there is reasonable justification for the expectation that suitable chemical reac- 
tions will yet be discovered for which rubber will serve as medium for the 
chemical preparation of its own reinforcing agents. The fact that lead oxide 
will react with the components of pine tar when these two well known com- 
pounding ingredients are dispersed in the same rubber mixing has been demon- 
strated by Reece*. The interaction of fat acids, such as stearic acid with zine 
oxide or lead oxide in rubber mixings, is also well recognized. These reactions 
emphasize the possibility without, however, even remotely achieving the desired 
effect. 

From a wide point of view, the formation of synthetic rubbers, which are 
copolymerides or interpolymerides of butadiene hydrocarbons and other poly- 
merizable substances, such as styrene, acrylic nitrile, substituted acrylic esters 
and other unsaturated compounds containing the vinyl group, represents a special 
case of the modification of the properties of (synthetic) rubber by incorporation 


* Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 16, No. 3, pages 111- 
116, October 1940. 
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of a compounding ingredient. This case, however, is exceptional in that the 
incorporation is intramolecular, whereas the procedure under consideration in 
this paper is concerned essentially with the treatment of preformed rubber, the 
rubber molecules themselves remaining unaltered in chemical composition, 
although not necessarily in magnitude. 

The incorporation of polymerizable or thermohardening substances in natural 
rubber, with a view to their subsequent hardening in the rubber medium, has 
heen recognized for many years as an attractive line of research for new and 
improved methods for rubber compounding. For practical purposes it would be 
especially convenient if the hardening process, whether occurring by polymeriza- 
tion or by a process of molecular condensation, could be made concurrent with 
the vulcanization process. The concurrence, however, is not essential. The 
earliest experiments on the incorporation of a thermohardening resin in rubber, 
with a view to subsequent hardening of the former and vulcanization of the 
latter, were probably with the soft or syrupy intermediate condensation product 
of phenol and formaldehyde. Older rubber technologists doubtless have memories 
of their own early attempts in this direction some twenty years or so ago, but 
the degree of success was small. After initial experiments on mixing the com- 
pletely formed powdered resins with rubber or gutta-percha‘, the incorporation 
of the resins in a half-formed or intermediate state® in rubber, which was sub- 
sequently converted into ebonite, constituted a recorded effort in the desired 
direction. Other methods were tried later, such as by compounding natural 
rubber in latex form® but again with limited success. 

Aqueous dispersions of the ordinary types of insoluble phenolformaldehyde 
resins When mixed with rubber latex give mixtures which are not homogeneous. 
Even when these resins are produced in an alkali-soluble condition se as to be 
miscible with latex, by carrying the interaction of the phenol and aldehyde only 
far enough to give partial condensation, the dry compounds eventually obtained 
by mixing these alkaline solutions with latex and coagulating by evaporation 
are still lacking in the degree of intimate blending desired. Some degree of 
encouragement is obtained, however, if a polyphenol or polyhydric phenol is 
used; with mixtures of such phenols and formaldehyde, the condensation reaction 
apparently can proceed more readily than with ordinary monohydroxy com- 
pounds, and the intermediate or partly formed resins are more soluble in the 
alkaline aqueous medium. It is possible, therefore, by effecting the condensation 
of a polyhydroxyphenol, such as resorcinol, quinol or pyrogallol with formalde- 
hyde in the presence of an alkaline solution as a catalyst, to carry the resin 
formation further without separation of the resin. The solution of soluble resin 
can be mixed uniformly with latex, causing thickening of the latter; evaporation 
of a layer of the mixture causes further condensation or polymerization of the 
resin component and yields a uniform sheet of leatherlike consistency. On the 
whole, the resorcinol product is the most attractive. The mechanical character 
of the product is further improved if the latex is previously compounded with 
vuleanizing agents, such as with zine diethyldithiocarbamate and sulfur, and the 
dried product is heated for an hour or so at 100°; under these conditions, not 
only does the rubber undergo vulcanization, but the resin appears to undergo 
additional polymerization concurrently. In this case, however, the reinforcement 
of the rubber by the resin appears to be of a special structural type, the resin 
and rubber probably forming intertwined structures because, if the dry unvul- 
‘anized material is subjected to milling on the rolls, and is then sheeted or moulded, 
the reinforced character is substantially lost. The authors’ experiments have also 
included the incorporation of incompletely resinified mixtures of formaldehyde 
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and p-substituted phenols (capable of yielding oil-scluble resins, such as p-tertiary 
amyl phenol or p-secondary butyl phenol) into rubber, together with a small 
quantity of caustic potash (0.5 per cent) in solution in glycerol to catalyze 
further condensation of the resin in the rubber mixing, and agents for vuleaniza- 
tion, both of which processes are effected by subsequent heating. 

This same problem has also been attacked with various other modifications 
of procedure in an attempt to ensure the formation of the phenol-formaldehyde 
resin in the rubber itself, hoping thereby to secure the desired exceptional rein- 
forcing effect. In one of these experiments the crepe rubber was divided into 
two portions, into which phenol and crotonaldehyde, respectively, were intro- 
duced by absorption and swelling to obviate the need for milling the unsoftened 
rubber. The two soft and swollen rubbers with their respective contributions to 
the composition of the phenol-aldehyde resin were then blended on the rolls, 
this operation also providing an opportunity for adding zine oxide, sulfur and 
hexamethylenetetramine as vulcanizing agents. After vulcanization for 2 hours 
at 40 lbs. per sq. in. pressure of steam, a product was obtained which gave 
evidence of some hardening or reinforcement, but not to the desired degree. In 
this connection it may be stated incidentally that a somewhat similar device 
was adopted in an attempt to improve the mechanical qualities of diethylene 
tetrasulfide; this material blended spontaneously with molten phenol, and the 
mixture so obtained was treated with formaldehyde. The product certainly 
showed good resistance to organic solvents, but did not possess the mechanical 
strength which was sought. 

A review of this compounding problem, with especial reference to the com- 
pounding of rubber with certain polymerized vinyl compounds, viz., polystyrene, 
polyacrylic nitrile and polymerized ethyl methacrylate, by Bacon and Schidro- 
witz’ indicates that polymerization of the parent substances is retarded by the 
presence of rubber; so marked is this inhibitory effect that these authors state 
that methods for compounding rubber with polyvinyl compounds by polymeriza- 
tion of the vinyl compound in the presence of rubber solution, or of rubber latex, 
are impracticable. Experiments, for which the authors are indebted to J. F. 
Cookson, confirm this difficulty of the satisfactory polymerization of styrene in 
the presence of rubber. The polymerization of styrene, moreover, is checked 
by sulfur, which is also likely to be preseut in normally compounded rubber. 
Nor did the addition of a proportion of divinyl sulfide to the styrene cause any 
marked improvement in the product. 

In view of the desirability of obtaining some method of effecting the combina- 
tion, physical or otherwise, of such synthetic products with rubber by a more 
intimate and possibly more successful method than mill-mixing of the two ma- 
terials in a dry state, or the mixing of aqueous dispersions of the two, the authors 
have given consideration to the possibility of effecting the polymerization of 
selected unsaturated compounds in the presence of rubber, the normal retarding 
effect of the rubber being compensated by the presence of a positive catalyst. 
In certain cases, moreover, positive catalysts for the polymerization process 
may be compounds incidentally capable of bringing the rubber molecule into a 
chemically active condition. It is known, for instance, that under the influence 
of such substances as stannic chloride or sulfuric acid, rubber is capable of 
undergoing conversion into isomeric substances, some of which, indeed, are made 
commercially. For these changes to occur, it is clear that the double bonds of 
the rubber molecule must temporarily acquire an active condition. By choosing 
unsaturated or vinyl compounds with which stannic chloride or sulfurie acid will 
act as catalyst, and causing the polymerization process to occur in the presence 
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of rubber, there is a reasonable possibility of forming the polymeric product 
in situ in the rubber. Moreover, if the conditions of concentration, ete., are such 
as approach those which would promote intramolecular alteration in the rubber, 
there might also occur some kind of molecular association of the two substances 
so that the product might in effect be of the copolymeride or interpolymeride 
type, of which examples are provided by the Buna rubbers. 

In preliminary experiments along these lines, rubber solutions of 5 per cent 
concentration in benzene were treated at the ordinary temperature, in the presence 
of concentrated sulfurie acid, with substances that might reasonably be expected 
to show an appropriate degree of sympathetic or reciprocal chemical activity, 
should the rubber exhibit any reactive tendencies. Although a range of substances 
of various types capable of reacting in different ways, such as 8-naphthol, tri- 
chlorethylene and stilbene, was tried, the only alteration observable in the 
rubber after the treatment was that which would have been obtained with 
rubber and acid under similar conditions without the presence of the additional 
potentially reactive substance. A natural step to be taken after these negative 
results would be to use sulfuric acid of lower concentration so that the rubber 
alone would not be converted by it into products of the thermoprene or cyclized 
rubber class, yet which would serve to bring the rubber to an initial condition 
with respect to chemical change; the rubber molecules would thus be in a sensi- 
tized or activated state, and the presence of molecules of a second substance 
eapable of polymerization or condensable under the same conditions might lead 
to mutual chemical alteration with some degree of intramolecular association in 
the product or products. Moreover, for the purpose now in view, it would also 
be important that the chemical reaction should occur in the rubber phase itself; 
in other words, the accompanying reactive substance should be in solution in 
the rubber or in the same dissolved phase as the rubber, and !atex would there- 
fore be unsuitable. It was consequently decided to use rubber in solution. Un- 
saturated aldehydes, which are capable of polymerizing readily, were selected 
as the chemically active compounds. Sulfuric acid of 80 per cent concentration 
(by weight) was convenient as the activating agent because, at this strength, it 
has little direct action on rubber, but promotes polymerization of the aldehydes; 
for the same reason the treatment was effected in each case at the ordinary 
temperature (approx. 20° C). 

Cinnamic aldehyde in contact with a benzene solution of rubber in the presence 
of SO per cent sulfuric acid for 5 days at a room temperature leads to the 
formation of a product which, when separated, proves to be tougher than the 
original rubber, but possesses an unattractive stickiness. Furfuraldehyde under 
similar conditions gives rise to an almost black inextensible product similar to 
that produced by the action of 80 per cent sulfuric acid on the aldehyde alone. 

Enhanced reinforcement and resistance to swelling in solvents are obtained 
hy reaction of rubber, acrolein and sulfuric acid over a period of 8 days. Com- 
pounding of the rubber and subsequent vulcanization further improve the 
product, and use of concentrated ammonia solution in place of sulfurie acid 
enables the production of a more extensible product possessing somewhat similar 
characteristics. 

The ready availability of crotonaldehyde in large quantity prompted an ex- 
tended examination of its polymerization in a medium consisting of, or contain- 
ing, rubber. Using this aldehyde in the additional presence of sulfuric acid, it 
is possible to convert unvuleanized rubber into a dark brown flexible material 
exhibiting considerable resistance to stretch. Samples in which the rubber is 
also vuleanized show superior solvent resistance, but are inferior in resistance 
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to abrasion. Variation in the experimental conditions, the use of lower propor- 
tions of the aldehyde, reduction of the concentration of the acid catalyst and 
its substitution by other polymerizing agents, such as stannic chloride, result 
generally in the formation of softer products offering less possibility of special 
properties or usefulness. 

None of the experiments here recorded provides a satisfactory solution to the 
problem of compounding natural rubber by the formation of the compounding 
ingredients in situ. The potential importance of the problem, however, is evident 
and each experiment in the desired direction, even if disappointing in itself, 
enables subsequent attempts to be made with more definite control of favorable 
factors and with an increased prospect of success. 
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The formation of crystals at room temperature by stretching rubber, vulean- 
ized or unvulcanized, has been the subject of considerable study. The crystalliza- 
tion of unstretched rubber at low temperatures is also well known, but with a 
single exception’’ to be discussed later, the effect has commonly been considered 
to be limited to the unvulcanized material. In the present investigation, how- 
ever, the crystallization of unstretched specimens of vulcanized rubber of low 
sulfur content has been accomplished. 

In commercial vulcanized rubber products, crystallization has not hitherto 
been recognized as a factor of practical importance. It is p obably significant in 
cold climates, where some rubber products slowly undergo a great increase in 
rigidity and permanent set. Automobile traffic counters, for example, have been 
rendered inoperative by the hardening of the rubber tubing used with them. 
Laboratory tubing and other products made of a number of different commercial 
rubber compounds have become rigid after storage for some weeks in a refrigera- 
tor at about 0° C. 

Previous work on unvuleanized rubber® showed that it can be crystallized at 
temperatures between +10° and —40° C, the crystals melting in a range from 
about 6° to 16° C. Crystallization and fusion are accompanied by changes in 
volume®, heat capacity’, light absorption'’, birefringence!'*: 15.16, x-ray diffrac- 
tion®, and mechanical properties such as hardness!*. x-Ray diffraction and 
birefringence, of course, give the most direct evidence of crystalline structure, 
but in the present work change of volume, measured in a mercury-filled dilatom- 
eter, was chosen as the criterion of crystallization or fusion. Quantitative results 
are more easily obtained in this manner, and the experimental observations are 
simple. Furthermore, the method is well adapted to continuous observations over 
long periods of time, such as were found necessary in the present work. 


PREPARATION OF SPECIMENS 


Two types of compounds were selected for study, the vulcanizing agent con- 
sisting of sulfur in the one type and of tetramethylthiuram disulfide (Tuads) in 
the other. 

The rubber-sulfur compounds contained no other ingredients; they are not 
“practical” compounds but were chosen for study because of their simplicity. 
They were prepared as follows: 


Smoked sheet = 100—.2 parts by weight 
Sulfur= x 
Total = 100 
where x=0, 0.05, 0.10, 0.12, 0.15, 0.20, 0.30, 0.35, 0.40, 0.48, 0.46, or 0.50 
Vulecanization=10 hours at 150° C, 


* Reprinted from /ndustrial and Engineering Chemistry, Vol. 33, No. 3, pages 381-384, March 1941. 
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Several of the Tuads compounds represented a type of low-sulfur vuleani- 
zates of considerable practical application. The general formula for the com- 
pounds which contained Tuads was as follows: 


Blended smoked sheet=98—x parts by weight 
Zine oxide (Kadox) = 2.00 
Tuads= x 


Total= 100 
where x=0, 0.375, 0.750, 1.125, 1.500, 2.500, 3.000, or 4.000 
Vulcanization=30 minutes at 126° C. 
Vulcanization in all cases was performed in a 3-inch (15.9-mm.) rod mould. 


The specimens, which were cylindrical and about 15 mm. in diameter, were cut 
to the desired length of about 80-100 mm. and then weighed. 


CONSTRUCTION AND CALIBRATION OF DILATOMETERS 


The dilatometers used to measure the volume changes were made of Pyrex 
glass, and each consisted merely of a bulb with a capillary tube sealed to it. 
Changes in volume of a specimen were determined from the changes in the 


panied Y Yj / SPECIMEN Yy 74 SS, _ 
zs Y WA, Y////. Whi “4 ar - MERCURY 





Fic. 1.—Dilatometer. 


height of a confining liquid in the capillary tube. Mercury was selected as the 
confining liquid because it seems to have no effect on rubber, even when the two 
are in contact for periods of a year or more. Some absorption, swelling, and 
softening usually occur with other liquids. 

The capillary tubes, 2 to 3 mm. in inside diameter and about 45 em. in length, 
were calibrated by observing the lengths of weighed amounts of mercury at three 
or more different points along each tube. Each capillary was then sealed to a 
glass tube about 15 mm. in inside diameter, the other end of the tube being left 
open. Into the glass tube were inserted the rubber specimen and a hollow glass 
bulb of about the same diameter as the specimen and about 40 or 50 mm. Jong 
(Figure 1). Finally the open end of the glass tube was sealed off to form the 
bulb of the dilatometer. 

This construction made it possible to avoid any heating of the specimen during 
the sealing operation, without unduly increasing the net volume of the dila- 
tometer bulb. In most cases the volume of the specimen was between two and 
three times the volume of the mercury in the bulb of the dilatometer. The effect 
of the insertion of the hollow bulb is equivalent to a mere reduction of the net 
volume of the dilatometer bulb. Since the inner hollow bulb was made of the 
same type of glass as the rest of the dilatometer, neither its volume nor its 
expansivity entered directly into any of the calculations. 

The dilatometer was next evacuated for a day or two to remove gas. With the 
dilatometer again at atmospheric pressure, the mercury was added through the 
capillary, into which a small wire had been temporarily inserted to facilitate the 
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mercury flow. The dilatometer was weighed before and after the addition of the 
mercury. Further evacuation was carried out, until the height of the mercury 
in the capillary did not change by more than a few millimeters as the pressure 
Was again raised to that of the atmosphere. 

The volumes of specimen and mercury at 25° C were determined from their 
weights and densities. The densities of the rubber specimens at this temperature 
were measured by the method of hydrostatic weighings. The volume of the 
dilatometer up to the level of the mercury in the capillary at this temperature 
was obtained as the sum of the volumes of the mercury and the specimen. At 
any other temperature, the volume up to the same point on the capillary was 
found from the known expansivity of Pyrex glass. The volume of the dilatometer 
up to any other point on the capillary could then be calculated from the eali- 
bration of the capillary. The volume of the specimen corresponding to each 
observation was obtained by subtracting from this volume the volume of the 
mercury at the temperature of the observation. 


EXPERIMENTAL PROCEDURE 


After the specimens had been prepared and placed in the dilatometers, they 
were put in a stirred water bath at a precisely controlled temperature of about 
2° C, so that a reliable reading of the initial height of the mercury in the capillary 
could be made. They were then transferred to a second water bath in an ordinary 
household electric refrigerator and kept there for the remainder of the period of 
observation of crystallization. The temperature of the second bath varied be- 
tween the approximate limits 1° and 4° C, with the average about 2° C. The 
changes were so slow that stirring was not considered necessary. Probably a 
better control of temperature during crystallization would have produced less 
scattering of the observations. Measurements of the height of the mereury in 
the capillary tubes were made, usually once a day, over periods of several 
months or more. 

After no further change of volume with time appeared, and crystallization 
was therefore judged to have reached an equilibrium, the dilatometers were 
placed in an ice bath containing a stirrer and an immersion heater. The melting 
of the crystals was studied by observations of the volume as the temperature 
of the bath was slowly raised to 40° or 50° C. The values obtained were inde- 
pendent of the rate of heating. The rate was almost always between 0.1° and 
0.4° C per minute. 

The temperature of the bath was then quickly lowered to about 0° C, and 
observations were made on the melted rubber as the temperature was again 
slowly raised. This permitted a more accurate determination of the relation 
between the volume of the amorphous material and the temperature. No ap- 
preciable crystallization was observed during this operation. The agreement of 
these observations with those made before crystallization was found to be good. 


RESULTS 
All the cornpounds studied were found to erystallize, as shown by the data 
on volume change as a function of time in Figures 2 and 3. All of the curves, 
with the exception of the upper incomplete curve of Figure 3, are of the same 
sigmoid type; the volume decreases very slowly at first, then more and more 
rapidly until the change is about half complete, and finally less and less rapidly 
until the volume has reached an approximate equilibrium value. Since the 
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volume is changing very slowly in the final stages, a determination from the 
graphs of the time required for completion is somewhat uncertain. The time 
required for half the total volume change is much more precisely determinable, 
since the curves are steepest in this region. This quantity has therefore been 
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Fic. 2.—Change in volume of rubber-sulfur compounds with time at 2° C. 


The dark squares represent observations on the compound containing no sulfur, 
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Fic. 3.—Change in volume of Tuads compounds with time at 2° C. 


The dark squares represent observations on the compound containing no Tuads. 


measured and is plotted in Figure 4, which shows the time required for 50 per 
cent of the total volume change as a function of the amount of combined sulfur 
in the compound. The assumption is made that all the sulfur in the rubber- 
sulfur compounds became combined during the 10 hours of vulcanization. For 
the Tuads compounds it is assumed that one atom of sulfur per molecule of 
the disulfide, or 13.3 per cent of its weight, is capable of combination with the 
rubber during the vuleanization®?: 7. The further assumption that all the avail- 
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able sulfur became combined during the 30 minutes of vulcanization at 126° C 
was based on the work of Bruni’ and Bedford and Sebrell?. If the amount of 
combined sulfur was actually less than this maximum, the curve labeled “Tuads”’ 
in Figure 4 would then be shifted further to the left and would indicate a still 
greater difference between this curve and that labeled “sulfur”. 

Figures 2 and 3 show that the magnitude of the total volume change on 
crystallization is somewhat less, the higher the amount of combined sulfur. In 
several instances (Figures 2 and 3) the experiments were discontinued before 
the changes were complete. Consequently in Figure 4 the data for the highest 
percentages of Tuads are not included. 

The behavior of the specimens as the temperature was raised and melting of 
the crystals occurred is illustrated by the graphs in Figure 5. The only signifi- 
cant difference between the curves for unvuleanized and vuleanized rubbers is 
a small downward displacement occasioned by the decrease of specific volume 
with increasing amounts of compounding ingredients. Since the curves were 
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Fic. 4.—Time for one-half total volume change as a function of the amount of combined sulfur 


so similar and so close together, only three are shown. For the rubber-sulfur 
compounds not indicated on Figure 5, all the curves lay between that drawn for 
the unvuleanized rubber and that for the compound containing 0.5 per cent 
sulfur. The melting curve of each of the other Tuads compounds was similar to 
the one shown for the compound containing 0.75 per cent of the material. The 
points obtained at temperatures in and below the melting range after the 
specimens had been melted are shown as dark circles in Figure 5. They lie on 
the same straight line as those obtained above the melting range. 

From the slopes of the curves in Figure 5 and similar graphs, values of the 
expansivity of the different compounds can be calculated. Table I summarizes a 
number of the results, some of them derived from duplicate runs on the same 
specimen. These results seem to indicate no significant variation of expansivity 
with content of sulfur or Tuads over the range here investigated. This is in 
accordance with previous observations on the expansivity of rubber-sulfur com- 
pounds? 18, and the mean value is in good agreement with those previously 
determined?®. 

Crystallization brought about a radical alteration of the mechanical properties 
of the material, and the specimens became rigid and brittle. An increase in 
Shore hardness from the order of 40 to around 80 or more was observed. A 
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change in the color of the specimens occurred during crystallization. Originally 
dark brown or gray, they became light gray, sometimes almost white. On melt- 
ing they regained their original appearance. 
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Fig. 5. Specific volume as a function of temperature. 


open circles represent observations during the first heating following crystallization ; 
the dark circles, during subsequent heating. 


TaBLe I 
EXPANSIVITY OF AMORPHOUS SPECIMENS 
Rubber-sulfur compounds 


Tuads compounds 


Expan % Expan- % Expan- 


sivity/° C sulfur sivity/° C Tuads sivity/° C 
658 « 10° 1.35 649 « 10°° 0 658 « 10°° 
656 
645 0.40 648 0.375 663 
679 
658 0.45 658 0.750 638 
664 651 
643 0.46 643 1.125 658 
663 662 658 
648 0.50 656 1.500 637 
634 676 645 
661 Mean 654 Mean 654 


DISCUSSION OF RESULTS 


The type of S-shaped curve for the volume change of vulcanized rubber dur- 


ing cryst 
reported 


allization, as illustrated in Figures 2 and 3, is the same as that previously 
for unvuleanized rubber®. Although the scope of the present paper does 


not permit the inclusion of a general discussion of the crystallization of rubber, 
it is probably not very different from that of other organic substances of high 
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molecular weight. It is impossible from present data.to draw conclusions as to 
what fraction of the number of atoms is directly bound in the crystalline lattice. 
For the purpose of the present discussion “complete crystallization” will be taken 
to mean merely that the rubber has reached a state in which there is no further 
appreciable volume change with time, under the conditions of the experiment. 
The relatively slow rate observed at the beginning may be due to the scarcity 
of nuclei from which crystals may start, and the relatively slow rate observed 
toward the end may be due to the relative scarcity of uncrystallized material. 

The decreased magnitude of the volume change with the larger amounts of 
sulfur seems reasonable, either on the assumption that there is an increasing 
number of atomic groups which are linked together by the sulfur and are con- 
sequently so tightly bound that they cannot enter into the crystalline lattice, 
or on the assumption that the addition of sulfur to a single group so changes its 
nature or size that it is impossible for the group to become a part of the crystal. 

Thiessen and Kirsch'S seem to be the only other observers reporting the 
crystallization of unstretched vuleanized rubber. In a brief preliminary note 
they state: “Crystallization can be brought about in weakly vuleanized rubber. 
. . . When samples of this type were exposed to x-rays below +6° C, but not 
under pressure, then Debye-Scherrer diagrams corresponding to those of a crys- 
tallized latex film were obtained.” At 6° C, a pressure of 30 atmospheres was 
required to produce crystals within 100 days. When the temperature was raised 
to 8° C or the pressure lowered to 1 atmosphere, no crystals were obtained. 
“The melting point of the crystalline phase lies between 11° and 18° C....A 
more highly vuleanized rubber could not be erystallized by keeping under 46 
atmospheres pressure at —2° C.” Unfortunately no further information is given 
regarding the composition of the rubber employed. On the whole, the results 
seem perfectly concordant with those of the present investigation. 

From the data in Figure 4 we may compare the relative effects of combined 
sulfur obtained from elementary sulfur and from Tuads, if in the latter case 
the above assumption is made that one sulfur atom from each molecule of tetra- 
methylthiuram disulfide combines with the rubber on vulcanization. Com- 
bined sulfur obtained from the disulfide is more effective than the same amount 
of combined sulfur obtained from sulfur alone in increasing the time of erystalli- 
zation. This behavior corresponds to the relative effectiveness of combined sulfur 
from the two sources in altering the mechanical properties. However, there is 
not a close correlation between the quantities involved in these crystallization 
phenomena and the change in mechanical properties associated with vuleaniza- 
tion. Even the rubber-sulfur compound containing 0.5 per cent combined sulfur 
had a sulfur content far below that necessary for the optimum mechanical 
properties. Although the compounds vulcanized with the intermediate amounts 
of Tuads, on the other hand, showed about the same magnitudes and times of 
crystallization, they were very near the optimum in mechanical properties. 
Quantitative data on this subject are given by Kemp!°, who recently showed 
the effect. of varying amounts of tetramethylthiuram disulfide on tensile strength, 
swelling in hexane, and plasticity. From these properties he concludes that as 
little as 0.2 per cent of the material, equivalent to 0.03 per cent sulfur, brings 
about partial vuleanization; and that vulcanization, as judged by the properties 
which he measured, is practically complete when 2 per cent is employed, little 
further change occurring between 2 and 4 per cent. The latter limits corre- 
spond to 0.3 and 0.6 per cent combined sulfur. These amounts span the range 
of commercial practice in the formation of superaging compounds?. 


4 








354 RUBBER CHEMISTRY AND TECHNOLOGY 


A number of writers, basing their conclusions on different types of experiments, 
have discussed the minimum amount of sulfur required for vulcanization and 
have attempted to assign to it a numerical value. For example, in presenting a 
theory of vulcanization, Boggs and Blake® claim that 0.5 per cent combined 
sulfur is necessary and sufficient for the formation of pure soft vulcanized rubber. 
Bruni® presented tensile data for a series of compounds employing sulfur and an 
ultraaccelerator. He concludes that 0.15 per cent sulfur is the minimum amount 
required for the beginning of vulcanization. Midgley, Henne, Shepard, and 
Renoll!! report fractional precipitation of components containing approximately 
0.06, 0.12, and 0.18 per cent sulfur from a compound vulcanized with Tuads and 
zinc stearate. They assume that these represent the mono-, di-, and trisulfur 
derivatives of rubber. Thus one would conclude that 0.06 per cent sulfur is 
the minimum amount necessary for the first stage of vulcanization. 

The data in Figure 4 show no discontinuities which might be evidence of the 
existence of any critical minimum proportion of sulfur necessary for vulcaniza- 
tion, although the time required for crystallization seems little influenced by the 
proportion of combined sulfur when this is below 0.05 or even below 0.1 per 
cent in the rubber-sulfur compounds. 

It is strikiing to observe in Figure 5 that the melting curves of the different 
compounds are so similar to one another and to the curve for unvulcanized 
rubber. Fhe indication is that, while the decrease in mobility of the atomic 
chains caused by vulcanization alters radically the rate of crystallization and 
alters somewhat the amount of crystalline material in a “completely crystallized” 
specimen, the crystals which are formed are nearly or exactly the same as those 
formed in unvuleanized rubber. This idea is borne out by the identity of the 
x-ray patterns obtained from crystals of vulcanized and unvuleanized rubber’. 

Somerville and Russell’? found that the permanent set at 0° C after a 300 
per cent elongation for 2 hours was greater for vulcanized compounds contain- 
ing less than 1 per cent of combined sulfur than for those containing more. 
They could find no similar effect at 20° C. Such results, it would seem, may be 
explained in terms of the present work as being due to the formation of crystals 
which melted at 20° but not at 0° C. The crystallization in this case was prob- 
ably enhanced by the stretching. Somerville and Russell recommend that, for 
rubber intended to be used at very low temperatures, the amount of sulfur be 
somewhat greater than that used in the normal low-sulfur compounds. 

Further work should include a study of compounds containing other vulcan- 
izing agents and other accelerators. The times involved in the freezing could 
probably be greatly reduced* by the use of a temperature 20° or 30° C lower 
than that employed here. 
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EFFECT OF VARIOUS SULFUR-ACCELERA- 
TOR RATIOS IN VULCANIZED 
RUBBER * 


F. S. Conover 


DEVELOPMENT DEPARTMENT, NAUGATUCK CHEMICAL Division or U. S. RusBer Co., Navaatuck, Conn. 


The use of very low sulfur-high accelerator combinations in certain types of 
rubber products has been highly successful in many cases in which extraordinary 
resistance to heat aging has been necessary. The tendency toward the use of 
compounds of this type has increased during the past few years, sometimes 
apparently with little or no attention to the service characteristics of the final 
product other than the aging properties already mentioned. 

The behavior of low-sulfur stocks in respects other than aging has been the 
subject of some work, notably an investigation by Somerville and Russell!. This 
paper, however, left a number of questions unanswered, and was limited to a 
discussion of two sulfur-accelerator variations. The work reported in the pres- 
ent article has been designed to broaden the scope of the former investigators, 
both in compounding variations and in types of test. 

The program is intended as an aid in answering two specific questions: 

(1) What advantages, other than aging, are obtained by the use of low sulfur- 
high accelerator ratios? 

2) What disadvantages in test or service are to be expected from low sulfur- 
high accelerator ratios? 


PROCEDURE 
The comparisons were all made in a simple base formula: 

a en 100 
Whiting (Keystone) ................ 100 
RE Wktiatcukkwneyawisavaaw seh kes 2 
PD. cic cntaonneentenecececce as 10 
PE. Saab easen ded bacAcdseneseaweds 1 

213 


The whiting was included to minimize the trend toward erratic tensile strength 
values so often encountered in pure-gum stocks. The use of varied kinds and 
amounts of diluents and reinforcing agents would undoubtedly have given much 
more information, but their inclusion in any comprehensive way would have 
carried the work far beyond its intended scope. 

The following compounds were mixed: 


A B C D E F 
REBT BRON ois nex onusoswnsess 213.0 213.0 213.0 213.0 213.0 213.0 
Tetramethylthiuram monosulfide . 5.2 5.2 0.1 ais iets sae 
Zine benzothiazyl sulfide.......... ee ee 1.0 1.0 1.0 1.0 
PD eee Ee rece uinwica seein 0.2 0.5 1.0 2.0 3.0 6.0 


The ideal comparisons would, of course, entail only one amount of a single 
acceleration. This is obviously impractical. Enough tetramethylthiuram mono- 


* Reprinted from The Rubber Age of New York, Vol. 48, No. 4, pages 243-252, January 1941. 
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sulfide to produce satisfactory cures in A or B is far too much for C, D, E or F 
and, conversely, the proper zine benzothiazyl sulfide content for good cures of 
D, E or F will not cure A and B. It will be noted that C, containing 1 part of 
sulfur, is the only stock containing activated acceleration. 

Taken altogether, with the inherent limitations of the materials in mind, it 
seems probable that these six ratios represent a reasonable compromise. These 
combinations can be, and have been used in commercial practice, and conse- 
quently are representative of their respective classes. 

All stocks were press-cured for 5, 10, 20, 30, 40 and 50 minutes at a tempera- 
ture corresponding to 30 pounds of steam pressure. This range provides under- 
cures, optimum cures and overcures for all stocks except A, which is slower in 
rate of curing than the others and has not reached the overcured state. 

To simplify the discussion, the compounds have been given the following 
designations: 


(2) (3) 
Very Medi- Nor- Nor- 
low Low um mal mal High 
sulfur sulfur sulfur sulfur sulfur sulfur 
PUIRAEIARS: ores ca felons are Sian ansia ners 0.2 0.5 1.0 2.0 3.0 6.0 
Tetramethylthiuram monosulfide . 5.2 oz 0.1 a es < 
Zine benzothiazy! sulfide.......... tg ‘a 10 1.0 1.0 1.0 


To speak of sulfur content alone as the distinguishing characteristic of any of 
these compounds is obviously incorrect. In every case the rubber-accelerator- 
sulfur ratio is the determining factor. For example, when reference is made 
throughout the discussion to medium sulfur, the real intent of the designation is 
sulfur 1.0, tetramethylthiuram monosulfide 0.1, zine benzothiazyl sulfide 1.0, and 
rubber 100. 

The first step, after vulcanization, was the determination of stress-strain prop- 
erties of the unaged compounds. The data, presented in Figures 1 and 2, and 
in Table I, lead to the following observations: 

(1) The low-sulfur stocks do not have the tensile strengths inherent in the 
other compounds. Very low sulfur is slower curing, and reaches optimum tensile 
strengths only after 40 minutes’ curing time, whereas the normal sulfur stocks 
reach optimum tensile strengths in about 20 to 30 minutes. Both low sulfur and 
very low sulfur exhibit a broad plateau effect. 

(2) Medium sulfur is faster curing, exhibits a marked plateau, and has 
higher tensile strengths than the low and very low sulfur compounds. 

(3) Normal sulfur (2) and (8) have a commercially satisfactory time-tensile 
range, and possess the best tensile strengths at optimum cures. 

(4) High sulfur has a short curing range, but its tensile strengths and elonga- 
tions are excellent within a limited range of cures. 

(5) The elongations of all these compounds, especially at comparable cures, 
do not vary greatly. 

(6) Optimum cures as judged by tensile data are: 


Stock Designation Optimum cure 
\ OPE AUS pe ntaree Very low suliur....iiseciinres 40-50 minutes 
Ee ere aaa) 1 ne 10-20 minutes 
eer cinerea Medium sulfa «064 ccc cccess 10-20 minutes 
Re Pyotr Normal sulfur: (2)... 3:60:08 20-30 minutes 
BS kk cwdsawssiecDG@Rbaah SMIEGP (3B)... cccnecicscs 20-30 minutes 


eT een EMER SUN... ccsisaled cascade 7-12 minutes 
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Fig. 1.—Unaged tensile strengths. Fig. 2.—Unaged elongations. 
TABLE I 
PuysicaAL PRopERTIES—UNAGED 
Time 
of cure 
(min. at 
30 Ibs. per 
sq. in. 
steam 
pressure A B Cc D E F 
5 300% ae 150 70 130 220 
500% 100 180 oe 190 390 770 
(b) 140 900 30 390 900 1480 
(e) 610 653 496 673 710 686 
10 300% 250 400* 400* 340 380 415* 
500% 625 1085* 1125* 980 1055 1120* 
(b) 1120 1905 2265 1855 2225 2445 
(e) 668 643 678 683 696 694 
20 300% 255 390* 395* 390* 385* 375 
500% 770 1155* 1095* 1080* 1075* 1085 
(b) 1325 2010 2325 2320 2410 2305 
(e) 671 639 671 694 693 676 
30 300% 285 415 390 360* 360* 395 
500% §20 1300 1060 1045* 1005* 1145 
(b) 1420 2040 2220 2480 2485 2320 
(e) 655 625 680 705 699 666 
40 300% 365* 395 375 350 395 405 
500% 825* 1390 1120 950 995 1135 
(b) 1575 2050 2230 2280 2305 2130 
(e) 666 616 673 699 685 641 
50 300% 355* 470 405 400 400 450 
500% 830* 1330 1195 985 915 1155 
(b) 1595 2025 2205 2285 2055 1725 
(e) 654 598 650 690 681 599 


* Optimum cures. 
(b) 
(e) 


Tensile strength at break. 


Elongation at break. 
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(7) The modulus data are particularly interesting. The first consideration 
is the effect of increasing sulfur content. Stocks A vs. B afford the first com- 
parison. 0.5 sulfur B has produced much higher moduli than 0.2 sulfur A. 

Stocks D vs. E vs. F show the next comparison. At optimum cures F, con- 
taining 6 parts of sulfur, is only very slightly higher in modulus than D, con- 
taining only 2 parts of sulfur. 

Low sulfur, as exemplified by stock B, has moduli at least as high as any 
stock in the investigation. 

Medium sulfur C does not vary much from the others. The only stock having 
moduli at optimum cures which are significantly lower than the others is A, with 
only 0.2 parts of sulfur. 

(8) Permanent set was determined by stretching samples of the stocks from 
2 to 8 inches, holding them in the elongated state for 2 minutes, and measuring 
the increase 2 minutes after releasing. 

The data presented in Figure 3 show that the very low sulfur stock, A, has a 
markedly higher permanent set than the other compounds in the series, but 
that all the others vary only very slightly in this respect. In faet, the dii- 
ferences, except for very low sulfur, may be within the limits of error of the 
method. At any rate, low-sulfur stocks may be used for compounds requiring 
low permanent set, provided the acceleration is right. 


AGED TENSILE AND ELONGATION TESTS 


A number of methods are useful for judging the deterioration of rubber 
products due to various types of aging. Two were selected for this work. The 
first is to follow the deterioration at optimum cures. This is a very widely 
used and highly indicative method. In factory practice, however, it is almost 
impossible to attain optimum cures, especially in bulky or thick products. It 
was, therefore, decided to include an “‘average” cure in these comparisons. 
This figure represents an average of all the data for all the cures of each stock 
except for the five-minute cures. The results on many of the five-minute cures 
were so low that they might lead to obviously false conclusions. 

All oxygen aging tests were carried out at an oxygen pressure of 300 Ibs. per 
sq. in. and 70° C. Air-bomb tests were at 80 Ibs. per sq. in. air pressure and 
260° F. Heat aging tests were conducted at 121° C in circulating fresh air. 
Optimum cures for all compounds have already been reported. 

The aging tests in general show that every increase in sulfur content resulted 
in progressively poorer aging, the only exception being the oxygen bomb aging 
tests of the optimum cures. On a percentage basis, the low sulfur compounds 
retained their superiority, but on the basis of absolute values the medium-, 
normal- and high-sulfur stocks produced satisfactory results. (Eprror’s Nore: 
The results of these aging tests are available in graph form and may be secured 
on application to the author.) 

The net result of the work to this point is that, for produets which must, 
withstand severe conditions of aging, low-sulfur compounding is extremely useful, 
but that, unless these conditions are severe, it is unnecessary. 


HEAT GENERATION 


The Goodrich Flexometer was used to determine the characteristics of these 
compounds in generating heat during rapid compression cycles. Dises, 0.75 
inch in diameter and approximately 0.1 inch thick, were piled up to form 
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cylinders 1 inch high. These cylinders were flexed at 1,800 to 2,000 r.p.m., under 
a load of 200 pounds per square inch, and with a stroke of 0.25 inch. The 
rise in temperature in degrees F. was followed by placing a thermocouple between 
the base of the sample and the hard rubber platen upon which it rested. 

All cures, except those of 5 minutes, were investigated, but only the results 
obtained from the best cure (for heat build-up) are reported. The cures are: 


ee WRG NOW RRUURS «chu csscsu neces 50 minutes 

Ts cee et ERD UNE ns a oc se wine e ow Kee 50 minutes 

SE a ee ream RIGMIT HUME <o6cucccsceceaee 50 minutes 

L SS eee Normal sulfur (2).............. 50 minutes 

aC eres Normal sulfur (B).........<...008 40 minutes 

SNS pea Rei RURIPARTIUNIN << so iiss we em Xow e we we're 50 minutes 
250 
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Fic. 3.-—Permanent set. Fic. 4.—IIeat generation. 
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The results are shown in Figure 4. Where the effect of sulfur is uncomplicated 
by acceleration (A vs. B, and D vs. E vs. F), every addition of sulfur to the 
stock resulted in less generation of heat during the pounding period. The very 
low-sulfur and low-sulfur stocks rose in temperature very rapidly. The other 
stocks rose much more slowly in temperature but continued to rise after the 
Jower sulfur compounds reached somewhat of a plateau. The results were 
quite obviously influenced by both sulfur and acceleration. 


FADE-OMETER TESTS 


Fade-Ometer results were secured at 50° C, 10 inches from the light source. 
The limitations of the equipment necessitated limiting the investigation to include 
only those cures at or near the optimum: cures. The following cures, in 0.1-inch 
slabs were placed in the Fade-Ometer: 


NS eid cate prea Very tow BUI... .accevoxsancs 40 minutes 
Beet keene PME aoc cae t aban et cawl 10 minutes 
DO eatin aerate Medium sulfur ..............5. 20 minutes 
Pa senidcicamanee Normal sulfur (2)... ......<.0008 20 minutes 
ie te Normal sulfur (3). .......0..6: 20 minutes 


= 


i eitGaehaaewe SURGES Sn cen sass onus eee 10 minutes 
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After exposure for 180 hours they were removed, bent double, and photo- 
graphed. Plate I shows that, wherever sulfur is the sole variable, its addition 
has decreased the tendency to crack (A vs. B), (D vs. E vs. F). 

Very high acceleration B or activated acceleration C are evidently beneficial, 
for B and C are at least as good as D, which contains more sulfur but uses 
normal, unactivated acceleration. 

The effect of this type of aging on tensile strength and elongation was investi- 
gated by exposing 1/32-inch slabs for 90 and 180 hours under the conditions 
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Fic. 5.—Effect of the Fade-Ometer on op- Fic. 6.—Effect of the Fade-Ometer on Elonga- 
timum tensile values. tions at optimum cures, 


already described. The program was extended to include one more cure, so in 
addition to those named above, the following were added: 


Died ascent era bre Very low Sultencs scacssawiecaee 50 minutes 
[eee een ecm: GW SMO eis discderstrnentowees 20 minutes 
cis ook pea cE SUIT —o akaserrelasetavalereie crane 30 minutes 
rr ye Normal sulfur (2).............. 30 minutes 
_ SORE eerere te Normal ‘sulfur (3) ....6. 0% e086 30 minutes 
HP eotata terra eters ME BUMINIIN vcctor sisw apahedraia wassie Sue's 5 minutes 


Figures 5 and 6 show the results, each point on the curves representing the 
average results for both cures. There was very little difference in the results due 
to cure. 

The data indicate that each increase in sulfur content, with its corresponding 
acceleration, resulted in improved Fade-Ometer aging. Low-sulfur compounding 
is apparently not advantageous for stocks which are subject to requirements 
based on Fade-Ometer results. 
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HOT TENSILES 


Tensile tests at 100° C were obtained on all cures of all stocks. Figure 7 
reports the results (averages of duplicate runs). The method used did not allow 
of determinations of the elongations, except to show that all were greater than 
600 per cent. 

This test does not indicate any advantages for low-sulfur compounding. The 
best general results are shown by normal sulfur (2) and (3), and the best results 
at optimum cures are shown by high sulfur, which, however, drops off very 
rapidly as the cure progresses beyond the optimum. 


COMPRESSION-SET 


Compression-set was determined by subjecting the stock to A.'S.T.M. procedure 
A-D-395-37T, Method A. The results which were obtained in duplicate and 
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Fic. 7.—Tensile values at 212° F, Fig, 8.—-Compression set. 


averaged are shown in Figure 8. It is apparent that low-sulfur compounds ean 
be made to have highly satisfactory cold-flow properties, provided the accelera- 
tion is powerful enough, and provided also that the sulfur is not too low. The 
interval between very low sulfur and low sulfur represents the widest divergence 
in compression-set in the entire series. 0.2 sulfur is apparently insufficient, even 
when very highly accelerated. 

Medium sulfur is quite satisfactory. In the stocks containing normal and 
high sulfur, each increase in sulfur content resulted in an increase in compres- 
sion-set. The differences are, however, quite small and may not be significant. 

On the basis of the evidence accumulated here, in compounding for low 
compression-set, sulfur should be kept as low as possible, care being taken not to 
drop below the necessary minimum, and the acceleration should be kept very 
high. Activated acceleration should result in a satisfactory product. Activating 
the acceleration in the stocks containing 2, 3 and 6 per cent of sulfur should 
improve them, but whether they would then become the equal of the low-sulfur 
stock is open to question. 
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In any case, there is no apparent reason for not using low or medium sulfur 
in cold-flow stocks, provided they are properly accelerated, unless the product 
is to be used in low temperatures, in which case the well known tendency of low- 
sulfur compounds to freeze and harden makes them unsuitable. 


TEAR TESTS 

Tear tests, using the tongue and groove method, were run on each cure of each 
stock. This method was developed and has been used for a number of years at 
the General Laboratories of the U. 8. Rubber Company. It is very similar to a 
test called the high-speed Goodyear tear test described by Lefeaditis and 
Cotton’. The results, shown in Figure 9, at first glance appear to be extremely 
erratic, but a careful study reveals some interesting trends. According to these 
results, resistance to tearing is extremely sensitive to cure, and the optimum tear 
occurs before the optimum tensile. This is in agreement with Lefeaditis and 
Cotton, and also with Dinsmore and Vogt*. The following tabulation will 
illustrate this. 


Nor- Nor- 
Very Medi- mal mal 
low Low um sulfur sulfur High 
Stock sulfur sulfur sulfur (2) (3) sulfur 
Time in min. to optimum tensile... 40-50 10-20 10-20 20-30 20-30 7-12 
Time in min. to optimum tear..... 10 10 5 10 10 5 
Average results for the entire range of cures are: 
Tear in pounds per inch of thickness 199 205 262 216 192 207 


Study of the cures, however, discloses the fact that the above results are 
similar largely because of one or two very high values, particularly in the 
normal and high-sulfur stocks. Taken as a whole, the medium-sulfur stock 
appears to be outstanding, whereas judged by optimum tear, the high-sulfur 
compound is best. 

Lefeaditis and Cotton report that low-temperature accelerators and low per- 
centages of sulfur increase tear resistance, but since their lowest sulfur content 
was 2 per cent, the data shown here merely amplify the scope of the work. 


OIL RESISTANCE 


The behavior of the compounds in oil was studied by immersing die-cut samples 
in light spindle oil for various periods of time, both at room temperature and 
at 158° F. Tensile values and volumes were determined before and after immer- 
sion. The tensile data refer in all cases to the original, unswollen cross-sectional 
areas. The swellings were determined by measuring the increases in cross-sections 
and length. Each stock was placed in an individual container. The data are 
reported both for optimum cures and for average cures. The averages include 
all but the 5-minute cures. 

Figure 10 shows the effect of light spindle oil at room temperature on the 
tensile strengths of these stocks at optimum cures. The periods of immersion 
ranged up to 21 days. The trend toward higher tensile strengths seems undoubt- 
edly in the direction of the higher sulfur compounds. 

When evaluated by average tensile values after swelling (Figure 11), the picture 
changes to some extent. In this case very low sulfur and high sulfur represent 
the extremes of deterioration and normal sulfur (2) looks best. 
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1G. 9.—Tongue and groove tear tests. 
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on average tensile values. 
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The volume increases at room temperature and optimum cures show that 
each increase in sulfur, with its corresponding acceleration, resulted in less 
swelling until 3 per cent of sulfur was reached, but that beyond that point there 
was little if any change (Figure 12). 

The average increases at room temperature (Figure 13), show that, wherever 
sulfur was the only variable, the swelling decreased with every increase in sulfur 
content (A vs. B and D vs. E vs. F). Very high, or activated acceleration, 
complicates the results to some extent, but the stocks containing 3 and 6 per cent 
sulfur were clearly the best. 

The work done at room temperature indicates no advantage for low-sulfur 
stocks, either in tensile strength or volume increases. Normal or high sulfur 
contents have produced the best results. 
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on average swelling values. 


All of the above work was repeated at 158° F, but the time was extended to 
only five days. The data show that the same conclusions which were drawn for 
oil resistance at room temperature also apply when the temperature is raised 
to 158° F (Eprror’s Nore: Results of oil resistance tests at 158° F are avail- 
able in graph form, and can be secured on application to the author.) 

Scott* produces evidence of a swelling increment which becomes important 
after the swelling maximum of the stock has been attained. For the stocks used 
in this work, the increment is apparently so small as to fall outside the limits of 
accuracy of the method used. 

A further study of the data brings out another interesting observation. Ex- 
cept for very low sulphur, which does not reach an overcured stage, volume 
increase of the compounds is reduced by cure, while tensile strength is adversely 
affected once the optimum has been reached. Stated somewhat differently the 
salient facts appear to be: 

(1) Overcure is necessary for the best oil resistance as judged by swelling. 
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(2) Optimum cures are necessary for the best physical properties after the 
oil treatment. 

Figure 14, which shows the data for the normal sulfur (3) compound, is typical. 
The unaged stock had optimum tensile values at the 20 to 30-minute cures at 
30 pounds. After 21 days in light mineral oil, its optimum tensile strength was 
still within the same curing range and decreased rapidly when vulcanization was 
increased. Its resistance to swelling, however, continued to improve up to the 
50-minute cure. This illustration is typical except for very low sulfur, in which 
case the cures were not carried far enough to establish this point. 

Scott* and Naunton, Jones and Smith® say that overcures cause increases in 
swelling, but in that case, the cures were undoubtedly carried to the point 
of reversion and beyond, whereas in this instance, while they were carried 
beyond the optimum no real reversion was observed. 

A tabulated summary of the results of the oil work follows: 


At Room TEMPERATURES 














Optimum cures Average cures 
Least Best Least Best 
swelling tensiles swelling tensiles 
Normal High Normal Normal 
sulfur sulfur sulfur sulfur 
(3) (3) (2) 
or 
high 
sulfur 
At 158° F 
Optimum cures Average cures 
Least Best Least Best : 
swelling tensiles swelling tensiles 
Normal Medium Normal Normal 
sulfur sulfur sulfur sulfur 
(3) or (3) (2) 
normal or 
sulfur high 
(2) sulfur 


On the basis of the evidence, there is no apparent advantage for the very 
low- or low-sulfur stocks. The medium-sulfur compound often appeared to be 
better than might be expected on the basis of its sulfur content, due very prob- 
ably to its activated acceleration. If this is true, it seems possible that further 
improvements in the normal sulfur stocks might be expected if their accelera- 
tion were also activated. This point would have to be verified by further work. 


FLEX-CRACKING 


Resistance to flex-cracking was studied by means of the dumb-bell extension 
test. The samples go through 400 complete extension and retraction cycles per 
minute. The extension is to 75 per cent elongation; the retraction returns the 
test-piece through its original starting point at zero elongation so that a slack 
bend is formed in the test-piece. The results are reported in kilocycles to 
failure. 

All but the 5-minute cures of all stocks were tested. The results shown in 
Figures 15, 16 and 17 are the sums of results for all cures for each stock. These 








PTET 














SULFUR-ACCELERATOR RATIOS 367 


results are essentially the same as for the average cures; dividing the results by 5 
(the number of cures) gives the average. They have been reported as sums 
merely because this method provided a more convenient unit for the graphs. 

Showing the results of each individual cure would necessitate much more 
space and add nothing to the general conclusions; in this case, what is true 
of the sums, or averages, is quite generally the case for the optimum cures also. 
Results and discussion are therefore confined to the sums. 

Figure 15 shows flex-cracking resistance before and after oxygen-bomb aging. 
Before aging every increase in sulfur with its corresponding accleration resulted 
in increased resistance to flex-cracking. As the oxygen aging periods increased, 











































































































700 | 
600 | — 
oe A- 0.2 
B+ |0.5 
500} 1.0 
500 20 
wl 3.0 
6.0 
w 400 5 400 
- | 2 
=< 
* 300 © 300 
° = + 
- n | 
” Ww ° -] 
= 200 = 200 = | ; | 
o > 4 | 
> oO . ' * 
3 7 | : 
per‘ 100 = 100 + | |e 
= = eS | 
=x 4 | 
Lp Meee 
fe) re) a (on OT eer 
e) 100 §=— 200 300 «400 = 500 0 2 4 6 8 10 [2 14 16 18 20 
HOURS IN OXYGEN BOMB HOURS IN AIR BOMB 
Fig. 15.—Effect of oxygen bomb aging on flex Fic. 16.—Effect of air bomb aging on flex 
cracking. cracking. 


the high-sulfur stock lost its supremacy, dropping to second place after 168 
hours and to third place after 504 hours. ‘The low- and medium-sulfur compounds 
were definitely inferior. 

Kilocycles to failure plotted against hours in the air bomb are shown in 
Figure 16. At reasonable air-bomb aging periods, the normal-sulfur stocks had 
the advantage. After very severe aging, the medium-sulfur stock was best. In 
no case did the low- or very low-sulfur compounds take first place. 

Figure 17 shows the results of flexing tests after aging at 121° C. High-sulfur, 
normal-sulfur and medium-sulfur stocks do not flex well after such severe treat- 
ment, whereas low-sulfur and very low-sulfur compounds do not flex well even 
before the aging periods. The net result points to the fact that rubber stocks, 
with present knowledge of compounding, cannot be made so that they will have 
a satisfactory flexing life under conditions of service or test so severe as the 
121° C oven. High or medium-sulfur stocks will not stand the heat; low- or very 
low-sulfur stocks fail due to flexing before they get much chance to stand the 
heat. 
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RUBBER-FABRIC SEPARATION BY MEANS OF THE UNITED STATES RUBBER 
COMPANY BELT FLEXING MACHINE 


Cord tire flexing pad samples were made and tested according to A.S.T.M. 
Designation D-430-35-T, Method A, but 80-pound loads were used instead of 
the 100-pound loads required by this method. The fabric was tire cord contain- 
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ing light filler threads. The skims were stocks A to F and the frictions were 
these same stocks softened by the addition of 3 per cent of soft Cumar resin 
and 1.5 per cent of pine tar. Each friction was used with its corresponding skim 
only. 

Figure 18 shows the results obtained on unaged samples. The evidence is 
clear that every increase in sulfur with its corresponding acceleration resulted 








SULFUR-ACCELERATOR RATIOS 369 


in an improvement in resistance to separation due to flexing. The high-sulfur 
stock was better, even on severe over-cures, than all others. Since these samples 
were much thicker than the tensile slabs it was expected that their flexing optima 
would not correspond to tensile optima, and this was the case, the peak values 
being somewhat beyond tensile peaks in point of time. 

After 168 hours in the oxygen bomb (300 lbs. per sq. in. oxygen, 70° C), the 
order of excellence is about the same as it was before aging (Figure 19). It was 
essentially the same after 4 hours in the air bomb at 80 Ibs. per sq. in. air pres- 
sure and 260° F, high sulfur being still outstanding (Figure 20). After 8 hours 
in the air bomb, the flexing lives were so poor as to be almost meaningless 


(Figure 21). 


GENERAL CONCLUSIONS AND DISCUSSION 


The data collected for this report may be summarized as in the following 


tabulation: 


Test 
Unaged tensiles 
Permanent set 
Oxygen aged tensiles 
Air bomb aged tensiles 
Heat aged tensiles 
Heat generation 


Fade-Ometer 


r] 


Tensile strength at 212° F. 


Compression set 

Tear resistance 

Oil resistance 
Flex-cracking resistance 
Rubber-fabric separation 


Type of compound 
producing best results 
Medium, normal or high sulfur 
Low, normal or high sulfur 
Very low or low sulfur 
Very low or low sulfur 
Very low or low sulfur 
High, medium or low sulfur, de- 
pending on the type of tempera- 
ture-time curve desired 
High sulfur 
Normal or high sulfur 
Low or medium sulfur 
Medium sulfur 
Normal or high sulfur 
High sulfur 
High sulfur 








For any application which includes service at low temperatures, low-sulfur 
compounds cannot be considered because of their well-known tendency to stiffen. 

The above sets of results were obtained for one series of stocks only. It does 
not follow, nor is it implied, that this set of compounds includes the best sulfur- 
accelerator ratios that can be found for resistance to any of the tests used. 
It is further not implied that this order of excellence will hold for every base 
compound or for variations in kind and amount of pigments and fillers. 

The results do, however, open a fascinating series of speculations, and while 
the danger of drawing too sweeping conclusions from too few data must always 
be avoided, the questions raised by a program of this kind should be investigated 
and answered if full benefit is to be derived from the work already done. 

So long as the tire buyer demands a non-blooming product, the question of the 
proper sulfur contents of tread and carcass stocks is largely determined by this 
limitation. If, however, a blooming tire could be sold, the data obtained here 
indicate that an investigation of its possibilities might be worth while. It is 
possible that the desires of the customer, the blooming limit, and the optimum 
sulfur content all coincide, but such happy agreements are rare in the rubber 
industry. 

Many, perhaps most, manufacturers are now making inner tubes with low 
or medium sulfur and high or activated acceleration. The reasons for this, in 
the light of the similarity between air-bomb aging and actual service, are 
obvious. 
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For transmission belting in normal service, high sulfur should be considered. 
Some years back a number of manufacturers felt that a blooming belt would 
give better service than a nonblooming product. In this case also, the appearance 
of the article is one limiting factor, although not to the extent that it is in 
tires. 

Conveyor belting should come in for investigation. Since many belts of this 
type are sold on a service guarantee basis, appearance is of minor importance. 
Cost per unit load is the vital factor. For most conveyor installations speeds are 
low and pulleys are large; flexing is not too much of a factor. In some cases, 
however, speeds are greater, pulley diameters smaller, and the pressure of idler 
pulleys, giving the belt additional tension and a reverse bend, complicate the 
conditions to the point where flexing may be an important factor in the life of 
the belt. In such cases an investigation of the effect of the sulfur content might 
be profitable. 

Conveyors to carry hot materials present a somewhat different problem. If 
the effect of the heat outweighs the effect of flexing in the life of the product, 
as it usually does, low or medium sulfur will probably prove advantageous. 
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Multiple drive V belts for industrial use usually run at high speeds and over 
small pulleys. The factor of flexing is, therefore, emphasized. An investiga- 
tion of the possible advantages from the use of higher than normal sulfur con- 
tents should be very worth while. Automotive fan belts present much the 
same problem, complicated by the heat factor. In this case it will be mecessary 
to determine whether heat or flexing is the dominant cause for failure and 
then to compound accordingly to secure the best compromise. The chances are 
that, if the heat conditions are too severe, a rubber belt will not give satisfactory 
performance. 

Low compression-set requirements at normal temperatures can evidently be 
met by low-sulfur compounds. In cases where the product is subjected to rather 
severe aging conditions, this type of compounding should prove advantageous. 
Otherwise, medium or normal sulfur should provide satisfactory quality with 
much less cost. Automotive mountings present a special problem. In this case 
the adhesion of the stock to brass-plated metal is of great importance, and low 
sulfur stocks are notoriously poor in this respect. 

Two types of hose should present interesting possibilities for study. Steam 
hose, if flexing life and rubber-fabric separations are relatively small factors, 
ean undoubtedly profitably utilize low-sulfur ratios. If some compromise be- 
tween flexing and heat resistance is necessary, due to the type of service in which 
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the hose is to be used, medium sulfur is indicated. Other factors not investigated 
may, of course, alter the conclusions. 

Oil or solvent hose presents a quite different problem. Nothing in the data 
indicates an advantage for low-sulfur compounds unless, perhaps, the conveyed 
liquids are at a temperature in excess of 158° F. This would certainly be an 
unusual condition. It is quite probable that the flexing conditions are not severe 
but even so, low-sulfur stocks would still be at a disadvantage. For hose to be 
used at normal temperatures, tightly cured high-sulfur stocks should present 
interesting possibilities. For hose to be used at elevated temperatures (up to 
158° F) normal-sulfur stocks appear satisfactory. 

The use of low-sulfur compounding in insulated wire stocks has long been 
practiced. When the stocks must meet severe heat or air-bomb tests, there is no 
other way of securing satisfactory results. When the stocks are not called 
on to meet these severe tests the use of low-sulfur compounding is not economical. 

The list of products is almost endless. The foregoing discussion is not intended 
to provide specific recommendations for the products mentioned. It is intended 
to raise a series of questions in the minds of compounders responsible for the 
formulation and service of the stocks. The answers to these questions should 
provide a useful fund of information. 
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EXPERIMENTS ON THE DEGRADATION 
OF BUNA-S 
PART I* 


St. REINER 


KETSCHENDORF, SPREE, GERMANY 


At a meeting of Subcommittee C-1 of the Industrial Group, the Chemistry 
of Artificial Substances, of the Verein der Deutschen Chemiker!, Wilhelm 
Esch of Berlin described a laboratory process for the degradation of Buna-S 
and Buna-SS?, with which the tendency of the fundamental raw material, Buna-S, 
to undergo degradation was investigated. In the discussion which followed, 
Reiner*® reported that he had had already made similar experiments on the 
degradation of Buna-S in a laboratory apparatus. 

The present paper is concerned with a description of this apparatus, and the 
process used for degrading Buna-S, by means of which it is possible to demon- 
strate, with a small-scale model, how Buna can be degraded on a practical scale’. 
The apparatus is particularly suited for studying the nature of the degradation of 
various raw materials in general, and therefore was chosen for studying the 
degradation of Buna. The latter was degraded under various conditions: (1) in 
crumb form; (2) in sheet form; (3) packed in a heater in a strictly uniform 
manner; (4) in a special heater, with a supply of compressed air, or in an im- 
provised apparatus, such as an electric drier or ordinary vuleanizer. 

The experiments described in the present paper represent the beginning of 
a laboratory study of these various conditions. The rubber technologist would 
like to know more about the beginning of the degradation process than merely 
whether Buna can or cannot be degraded’. 


THE NATURE OF THE PROBLEM AND THE APPARATUS 


In the initial experiments, the influence of the quantity of air supplied to a 
given quantity of Buna-S was determined. The apparatus and experimental 
technique used in this investigation are illustrated in Figures 1 and 2. 

Container V in which the air is preheated, and container A in which the sample 
is degraded, are made of sheet iron, and are connected to one another by a 
heat-insulated lead tube R. The air-preheater V is filled with glass wool and 
pieces of clay in order to build up sufficient resistance against the air passing 
into the preheater. 

After being preheated to 150° C in V, the air flows through tube R into A, 
containing the sample to be degraded. To distribute the air uniformly through- 
out the container, it passes, as it enters A, through a perforated spray B. 
In this way, the air is not only diffused but is cooled to approximately 130° C. 
Both V and A are heated electrically, and are adjusted and regulated to any 
desired temperature by electric resistances. 

A water pressure pump serves as the source of air, although for temporary 
use, an air bomb is satisfactory. The air is passed through a gasometer G, 


* Translated for RuspBER CHEMISTRY AND TECHNOLOGY from Kautschuk, Vol. 16, No. 11, pages 138- 
139, November 1940. 
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and the rate of flow is regulated accurately before each experiment. Since 
the main object of the initial experiments was to determine the influence of the 
quantity of air (measured by its rate of flow), an aquarium pump, which 
operates at only one capacity, was unsuitable as the source of air. 



































Fig. 2. 


EXPERIMENTAL PROCEDURE 


After screwing on the iron cover of container B holding the sample, a 
basket. K, constructed of iron wire screen, is hung inside, to hold the sample of 
Buna in crumb or chip form (see Figure 2). 

The sample of Buna to be degraded may be 50 to 100 grams, but 50 grams 
was found to be sufficient for a single experiment. The temperatures in the 
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preheater and in the vessel containing the sample to be degraded are measured 
by thermometers. Blank experiments are carried out to insure uniformity of 
temperature within the chamber containing the sample. It is possible to main- 
tain the temperature within +1° C during an experiment. 

After placing the wire screen basket inside the container, the apparatus is 
closed, and the test is commenced by passing preheated air through the appara- 
tus. The temperature desired in the chamber containing the sample to be 
degraded becomes constant in about five minutes. 

The progress of degradation is followed by measurements of the hardness of 
the sample by the Defo apparatus and of the viscosity of a 4-per cent benzene 
solution of the sample by a Hoppler viscometer. 


RESULTS OF THE FIRST EXPERIMENTS 
From various experiments which have been carried out, the results of six 
parallel experiments will first be described. 


TABLE I 
Volume of air Plasticity Viscosity 
(liters per hour) (Defo value) (cP) 
econ poh ecca aces ohn kn ewe sicb bios Saka vses 525/20 178 
SD SGko ka hies ena teu shania kesh ueeuaee anu 525/20 18.48 
a ee ae a eee 575/25 18.37 
PDECCELE Gaseous ones eases cance eee tee bone eo 600/30 19.68 
Di vnsseenGwe sh cases sauucasecanaesesiaiee 500/30 17.66 
Ceo bake ese eSee Reka eae eeee kee 525/30 17.4 
DOICChuS sama SHAS HERR RUN NN eheeneNkiee 575/35 16.9 
BDLGC ade Pabe ou wceO Re buM is SloneN bee wa neue 575/35 16.5 


In a further series of experiments, the object of which was to study the 
effects of relatively small quantities of air, the flow of air was reduced to 10, 
and then to 5, liters per hour. The results are shown in Table II. 


Tas.E II 
Volume of air Plasticity Viscosity 
(liters per hour) (Defo) (cP) 
DE Saet cuisines ane hes ee See be as ee knee wm 1400/45 30.22 
Me VCGS teen Che asManhtan seas eee enenee 1300/40 26.10 
SEP ae lie cencs iste enhuchspueereeoan 3000/6 sents 
DEede Akh ud sed Seb ROE AWAY AE MES Sek ee we 3500/7 


In these experiments, Buna in uniform crumb form, with a Defo hardness 
of 4000-5000, was tested. Table I summarizes the results obtained when the 
air flowed at the rate of 25 to 100 liters per hour. These data show that the 
quantity of air flowing through a sample in a given time has no significant 
influence on the Defo hardness number, but that the elastic components increase 
with decrease in the quantity of air. Also, the differences in viscosity are 
small for any particular degree of degradation. These deviations are a function 
of the material itself. 

The viscosities of the samples treated with 5 liters of air per hour could not 
be measured, because slightly degraded Buna in crumb form did not give 
homogeneous solutions. This was not at all surprising, since this low rate of 
flow of air was insufficient to degrade the Buna to any considerable extent, in 
spite of the fact that the Buna gave Defo plasticity values of 4000-5000 before 
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degradation. The viscosity values of the samples treated with 10 liters of air 
per hour were higher because the samples were more highly degraded. 


SUMMARY 


In this first communication on the subject, an apparatus is described, with 
the aid of which experiments on the degradation of Buna S and Buna SS ean 
be carried out on a laboratory scale. The experiments thus far completed show 
that the volume of air, at least above the range of very low quantities, has no 
marked influence on the degree to which Buna is degraded under otherwise 
constant conditions. Likewise the viscosities are hardly influenced by a change 
in the rate of flow of air. Only the elastic components increase with reduction in 
the volume of air supplied to the sample. With slightly degraded Buna (see 
Table 2), the effect of low rates of flow of air can be observed clearly. 

From a practical point of view, the experiments show that a minimum quan- 
tity of air, i. e., a definite rate of flow, is necessary for degrading Buna-S. On 
the basis of the experiments described, a minimum of approximately 20 liters 
of air per hour may be assumed to be necessary to degrade 50 grams of Buna-S 
in crumb form. Converted to a large-scale basis, this would mean that at least 
40 cubic meters of air per hour would be necessary to degrade 100 kilograms of 
Buna-S in uniform crumb form, provided the air is distributed uniformly 
throughout the reaction vessel. 

Electric drying chambers and vuleanizers which have no continuous supply, 
but only a stationary volume of air, are noi suitable, since the quantity of air 
is far from sufficient to bring about homogeneous degradation. Most factories 
which use Buna have suitable equipment with a supply of air under pressure, 
so that the volume of oxygen necessary for degradation can be supplied to the 
Buna. 


FURTHER EXPERIMENTS 


Further experiments are to be devoted to a study of the problems mentioned 
in the introduction to the present paper, and they will include samples of Buna 
which have been previously wetted with a softening agent and which have 
been premasticated for a short time with the object of accelerating degra- 
dation by these means. In addition, it is planned to carry out experiments 
on the degradation of Buna in a pressure autoclave. 
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DISTILLATION PRODUCTS FROM 
WASTE RUBBER * 


F. N. Pickett 


About 1930, during some experiments on new systems of reclaiming waste 
rubber, it was discovered that certain fractions of the products resulting from 
the destructive distillation of old tires possessed solvent and softening properties 
hitherto unsuspected. A complete system of reclaiming based on this discovery 
was worked out, and many tons of reclaimed rubber were manufactured by 
utilizing such distillation products. Investigation of the products of distillation 
was carried out with interesting results. 

Retort distillation was the method adopted as being the most economical, and 
experiments were carried out with the aid of the chemists of the Gas, Light « 
Coke Co., Ltd., at Fulham Research Station. 

A pilot plant was erected which consisted of seven retorts of the ordinary 
gas-works type. 

It had previously been found that a temperature variation of only a few 
degrees had considerable effect not only on the percentage yield but also on the 
components of the distillate. For maximum yield, the mosi suitable distillation 
temperature was about 560° C, 

The products of distillation consisted of an evil-smelling oil resembling crude 
oil, and a proportion of noncondensable gas which contained a light fraction 
having a boiling point below atmospheric temperature. It was possible to collect 
this light fraction by passing the gas through activated carbon. 

The distillate, known as rubber oil, was subjected to treatment to rid it of 
its objectionable odor, and a fair measure of success was obtained by using 
sulfuric acid, which produced a fairly heavy sludge from which the oil could 
be separated by decantation or filtering. A further treatment by boiling with 
zine chloride rendered the odor of the oil negligible or unobjectionable. 

Fractional distillation of the oil revealed that rubber oil was fundamentally 
different from either petroleum or coal tar products. Distillates did not divide 
themselves into any recognizable groups as do, for instance, coal tar distillates. 

In the case of rubber oil, there appeared to be a constant rate of distillation 
from atmospheric temperature up to 400° C, and the properties of the various 
components varied little from fractions taken off at a lower or higher tempera- 
ture, except that the volatile fractions distilling below 150° C appeared to have 
but a slight softening effect on vuleanized rubber and no solvent action, whereas 
the heavier fraction had a definite solvent and softening effect on vuleanized 
rubber. For this reason it was decided to fractionate the oil into light and heavy 
oils. The fraction distilling below a temperature of 170° C was known as a light 
rubber oil, and the fraction above this was called heavy rubber oil. The whole 
of the heavy oil fractions were used, after deodorizing, as a reclaiming oil, and 
gave satisfactory results. The light oil, which was regarded at one time as a 
by-product, was subjectd to further rectification and utilized as a solvent for 
erude rubber. The fraction distilling between 70° and 140° C was an exceed- 
ingly rapid solvent, and appeared to be nontoxic. Unlike benzene or any of the 
known solvents, it was exceedingly kind to the skin of the person working with 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 15, No. 6, pages 
340-342, April 1940. 
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it; so much so, that every employee in the factory kept a small vessel of the 
solvent nearby in which to wash after the day’s work. There is no doubt that 
this lighter fraction promises development for such purposes as dry shampoos 
and similar toilet preparations which require volatile solvents. 

Another interesting feature is that the light oil did not appear to be as inflam- 
mable or explosive as benzene. It is difficult to explain why a barrel of this 
product remained intact in a fire in the tire dump when some barrels of benzene 
of similar boiling point exploded with considerable force early in the fire. 

This light fraction from rubber distillation was also tested as a motor fuel 
and, mixed with ordinary petrol, gave non-pinking properties to a fuel which 
otherwise caused knocking in an engine. 

There did not appear to be a fraction corresponding to toluene having a 
boiling point of about 110° C, or a fraction corresponding te xylene having a 
boiling point of 140° C. Comparing the heavy oil further with coal tar distilla- 
tion products, there was nothing resembling naphthalene, which crystallizes 
from oils which distil between 120° and 230° C, and nothing was found cor- 
responding to phenol. 

One of the striking features of rubber oil fractionation is that the curve of 
temperature against yield is practically a straight line, and that there is but 
a small residue of coke, which is less than 10 per cent of the total rubber oil. 
The piteh which remains in a tar still as residue forms from 50 to 55 per cent 
of the total. There appears to be no corresponding pitchlike material in a pure 
distillate, although it is possible to obtain pitch from waste rubber by merely 
melting old tires and driving off the more volatile components. 

The light fraction made a good cleansing solvent, and appeared to have a less 
damaging effect on ciothing than either naphtha or benzene, though its capacity 
for cleaning greasy clothes was equal to either. 

The yields obtained from old tires were roughly: 


Steel scrap (Om) DOAdS cscs. cede ee eee te about 15 per cent. 
Crude rubber oil by distillation............. about 25 per cent. 
Carbon and other résidtie. ..... 20.6 .08sce08% about 60 per cent. 


It was estimated that distillation could be carried out for erude oils at 3d. 
per gallon and rectification into the various fractions at about a further 4d. a 
gallon, including all charges but taking credit for scrap steel and the carbon 
residue, which on briquetting gave an excellent substitute for steam coal, being 
of high calorific value and practically smokeless. 

Experiments were made to extract the zine oxide contained in the carbon 
residue after distillation and, although technical success was achieved, it was 
not an economic success. 

Experiments in cracking the crude rubber oil were interesting, particularly 
those involving heating with anhydrous aluminum chloride. At about 350° C 
a violent reaction took place, and some of the heavier fractions broke down 
into volatile products. On fractional distillation the yield of volatiles was in- 
creased at the expense of the heavy oils, but the fraction distilling at 350° C 
and above gave a remarkably efficient lubricating oil, which suffered, however, 
from a tendency to form gums on exposure to the atmosphere. 

It is believed that, although distillation of waste rubber on a national scale 
is not a workable proposition, still it would probably be of interest to any branch 
of the rubber industry using crude rubber solvents, such as the proofing trade, 
and it would undoubtedly be of use to the cosmetic industry. 

Heavy rubber oil would take the place of imported pine oil and might give 
better results. 





RUBBER IN THE AUTOMOTIVE INDUSTRY 


FROM THE VIEWPOINT OF THE RUBBER TECHNOLOGIST * 
S. M. Capwe t, R. A. Merriti, C. M. Stoman, and F. L. Yost 


Unitep States Rupper Company, DetrRoIT, MICH. 


About 80 per cent of the rubber consumed in the United States is used in 
the automotive industry. Rubber was necessary for the development of the 
modern automobile, and the popularity of the automobile has, in turn, tre- 
mendously enlarged the rubber business. The parallel growth of the rubber and 
automotive industries is apparent in Figure 1, where the consumption of rubber 
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is compared with the registration of motor vehicles in the United States for 
the past thirty years. 

The modern automobile contains about two hundred different parts made 
wholly or in considerable part of rubber. Including the tires and tubes, the weight 
ot these materials is about 145 pounds per car. Rubber is used in the auto- 
mobile in practically all of its available forms, either as latex, cements, soft. rub- 
ber, hard rubber, or sponge rubber. 

Every important characteristic of rubber is utilized. Rubber has a wider range 
of properties than any other single material and automotive engineers are to 
be congratulated on their progressiveness in using these unique and valuable 
properties to improve their product. 

The rubber industry also has risen to the occasion and made remarkable 
advances which have contributed greatly to the wider use of rubber in the 
automobile and truck. The rubber technologist and the rubber industry in gen- 


* Reprinted from Industrial and Engineering Chemistry, Vol. 83, No. 8, pages 370-374, March 1941. 
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eral have enormously reduced the cost and improved the quality of the rubber 
parts offered to the automotive industry. Tires and tubes are the most important 
of these products, and Figures 2 to 5 show the tremendous progress which has 
been made in reducing the cost and improving their quality. Knowing the 
vehicle registration for each year and estimating the average mileage per car 
per year as 10,000, we can calculate the savings to the motoring public resulting 
from the reduced cost of tire mileage (Figure 5). During the last twenty years 
the accumulated savings calculated in this way have amounted to approximately 
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40 billion dollars. This is the difference between the amounts actually paid for 
tires and tubes and the amounts which would have been paid if tire quality and 
price had remained at the 1920 levels. It ignores the fact that vehicle mileage 
would probably have been considerably smaller if tire costs per mile had not 
come down. 

It is occasionally worth while to review the more important physical properties 
which make rubber unique, to remind us what an unusual substance we have as a 
basic material. They are as follows: 


Flexing endurance, stands great distortion without injury. 
Tensile strength is as high as about 30,000 pounds per square inch, measured 
on cross-section at break. 
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Stretch can be adjusted to almost any desired value over a wide range. 
Great range in properties, from soft to hard rubber. 
Hysteresis provides self-dampening. 

High capacity to absorb energy. 

Resistance to chemicals is outstandingly good. 

Highly resistant to abrasion. 

High dielectric strength makes rubber a splendid insulator. 
High coefficient of friction against nearly all surfaces. 
Waterproofness. 

Low permeability to most gases and liquids. 

Readily moulded, a thermosetting plastic. 

Available in a range of colors. 

Available in liquid form as dispersion or cement. 

Low in material cost. 


If we examine the two hundred different uses of rubber in the average auto- 
mobile, we find that at least one, and usually several, of the unique properties of 
rubber have caused it to be chosen over other materials. In the tire assembly, 
for example, rubber is used in the tube because flexibility and low permeability 
to air are required. Rubber is employed in the tire carcass because it will with- 
stand repeated flexing, and will insulate the cotton cords and prevent them from 
chafing against one another. We use rubber in tire treads because no other 
material will provide the necessary resistance to abrasion, absorption of shock, 
waterproofing of the structure, and friction against road surfaces. 


RECENT ADVANCES 


The main advances in the rubber industry in recent years which have led 
to the present extensive and advantageous use of rubber in the modern auto- 
mobile and truck are as follows: 


1. The development of rubber plantations to yield a reasonably cheap and 
reasonably uniform product. 

2. The development of accelerators of vuleanization by chemists to improve the 
uniformity and aging of rubber products and to reduce their cost. 

3. The development of antioxidants by chemists to improve performance and 
to lengthen enormously the useful life and reduce the cost of rubber products. 

4. The use of carbon black in treads by rubber technologists to improve wear. 

5. The development of adequate means of adhesion of rubber to metal by rub- 
ber technologists which permits the fabrication of parts comprising these two 
classes of materials. Such parts are used largely to dampen vibration. 

6. The development of improved methods of fabricating rubber parts. 

7. The development of improved fabrics to be used with rubber. 


Chemists and rubber technologists played a major role in five of the seven major 
advances. 

The codperation between the automotive and rubber industries has been such 
that each of these advances has been rapidly incorporated into rubber parts 
for the automotive industry, and the automotive industry has taken full and 
immediate advantages of the advances made. With such a record of past codp- 
eration, it is obvious that the rubber industry welcomes the constructive criti- 
cism made by automotive engineers and fully realizes that the continued healthy 























eereian. 











RUBBER IN AUTOMOBILES 381 


growth of both industries demands that we meet each problem in a codperative 
spirit, with the thought of finding a solution as soon as possible for our mutual 
benefit. 

Some recent advances in rubber are being utilized more and more widely by 
the automotive engineer. One of the most important is the foam-sponge rubber 
seat made from latex. These seats provide the most comfortable ride achieved 
to date because they conform to body contours and effectively dampen high- 
frequency vibrations. 

A new type of rubber composition battery separator is replacing wooden bat- 
tery separators to improve the performance of batteries considerably. 

Rayon heavy-service tires definitely give greater mileage and less trouble, in 
addition to saving about 4 per cent of the gasoline. Rayon passenger tires are 
definitely safer for high-speed driving, and the use of both classes of rayon 
tires is steadily increasing because they represent a major contribution to cheaper, 
safer transportation. 

In retrospect we see a period of rapidly increasing use of rubber in the auto- 
motive industry, we see cars enormously improved by the use of rubber, and we 
see a rubber industry growing by leaps and bounds to keep pace with the rap- 
idly growing automotive industry. 

The airplane and tractor also utilize a large amount of rubber, and we find 
more and more being put into railroad and street cars. It is estimated that 
there are about 200 pounds of rubber in the modern Pullman car and about 500 
pounds in the street car. Railroad cars use rubber for bumpers and street cars 
use it for springs under the whole car and under some of the auxiliary equipment. 


FATIGUE STUDIES 


The rubber industry has been remiss in that it has not supplied automotive 
and other engineers with comprehensive engineering data on rubber. Realizing 
that the wider use of rubber in the future depends to a large extent on the avail- 
ability of such engineering data, the United States Rubber Company has tried 
to serve the rubber and other industries by developing and presenting such 
information. A paper was published last year on the dynamic fatigue properties 
of rubber! During the intervening year we have been studying the static fatigue 
properties of rubber, and a brief summary of our work to date can be given. 

Rubber is subject to two types of fatigue—dynamic and static. The dynamic 
fatigue of a material is a well known phenomenon ordinarily defined as the 
progressive loss of strength due to successive cycles of stress. A somewhat less 
familiar form of dynamic fatigue in some materials is the progressive loss of 
elongation properties with successive cycles of strain. Statice fatigue is the pro- 
gressive breakdown of a material under the influence of a static load; we believe 
it is due to the existence within the body of the material of randomly oriented 
regions of weakness, to stress concentrations, or to variations in elastic and 
plastic properties. Static fatigue of rubber is a newly recognized phenomenon 
and is normally one of the limiting factors in the specification of working stresses 
in the design of a rubber part. 

The load required to break a rubber sample in a test machine is a function of 
the speed at which the load is applied; it is greater, the greater the speed. If 
a rubber sample is not pulled to break in a test machine, but is kept under a 
constant load slightly less than its breaking load in the ordinary test machine, 
the sample will break in a short time, owing to the continued high static stress. 
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If various lower loads are imposed on similar samples, the static fatigue life 
varies with the load and is greater, the lower the load. 

For some years the United States Rubber Company has been investigating 
the dynamic and static fatigue characteristics of rubber under a variety of test 
conditions. Until recently the main emphasis has been on dynamic fatigue, with 
the result that our present information on static fatigue is meager compared to 
that on dynamic fatigue. However, the importance of static fatigue from a 
design standpoint justifies calling attention to the phenomenon and making 
some general statements concerning it. 


STATIC FATIGUE CURVE 


Static fatigue occurs not only in rubber stocks but also in rubber-to-metal 
bonds in the case of bonded parts. The main emphasis in our work has been 
on the study of static fatigue of the bond. Figure 6 shows the static fatigue of 
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the bond for a stock with a shear modulus? of about 80 pounds per square inch 
used in a shear sandwich of the type indicated. The rubber elements in the 
sandwich were approximately 0.75 x 0.75 x 0.35 inch. The samples were sub- 
jected to various constant shearing deflections at 100° F. The average static 
fatigue lives of such samples in days are plotted on a log scale against the im- 
posed shearing strain. The curve is not developed below about 90 per cent shear, 
and the fatigue lives for these lower shearing strains cannot be obtained by 
extrapolating this curve since, for low shears, the curve actually rises more 
rapidly than is indicated for moderately high shears. 

The static fatigue curves for all types of deformations have this general form 
for all stocks, whether plotted as a function of constant strain or constant load. 
For any particular case the actual magnitudes of the static fatigue lives may be 
greater or less than those shown in Figure 6, depending on many factors: the 
shape of the unit, the stock, the cure, the temperature of the rubber, and the 
type and amount of deformation. That point must be emphasized. Figure 6 
refers only to a given stock, a particular type of deformation, a particular 
temperature, and a given type and shape of sample. If any of these features 
is changed, the resulting static fatigue life curve will have the same general 
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form, but may be high or lower than this particular curve or may even cross 
it. The static fatigue life is lower, the higher the temperature of the rubber, 
and is lower for constant loads than for constant strains corresponding initially 
to the constant loads. 


GENERAL FEATURES OF STATIC FATIGUE 

Static fatigue breaks often occur suddenly without previous indication 
of impending failure, such as a pronounced increase in drift just before break. 
For a given load and temperature, the lives of a number of supposedly identical 
samples are likely to vary widely. 

Under the same test conditions, the static fatigue lives of different stocks 
and of their rubber-to-metal bonds vary radically. Figure 7 compares the 
static fatigue of the rubber-to-metal bonds of two different stocks tested in the 
manner already discussed. Curve I is the same as previously shown in Figure 6. 
Curve II is for a softer stock with shear modulus about 65 pounds per square 
inch. The curves cross, principally because of the high extensibility of the 
softer stock. However, this variation in static fatigue life is not due solely 
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to the difference in modulus of the two stocks, because there does not seem 
to be any particular dependence on the modulus. When the static fatigue resis- 
tances of rubber-to-metal bonds of two stocks of approximately the same low 
shear modulus (about 65 pounds per square inch) but different chemical com- 
positions were studied in simple shear tests, it was found that, under the same 
conditions of testing, the bonds for one stock had enoromously higher static 
fatigue resistance than did those of the other stock, although the strengths of 
the units for short time tests were about the same. 

Beyond a certain optimum cure, the static fatigue resistance of a stock or of its 
bond to metal is lower, the greater the cure. 

The static fatigue life of a rubber stock or of a rubber and metal part depends, 
in a complex manner, on the conditions under which it is used and on the design 
of the part. It is lower, the greater the operating stresses and the higher the 
temperature. Stocks with good statie fatigue lives can be obtained through proper 
compounding. The statie fatigue life of the bond can be increased to a consid- 
erable extent by careful design. 


GENERAL PICTURE OF FATIGUE IN RUBBER 


Figure 8 shows how the dynamic fatigue of rubber for a particular oscillation 
stroke varies with the minimum strain in the oscillation cycle. The majority 
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of our dynamic fatigue tests were run at such speeds that the samples were 
broken before static fatigue became an important consideration. Therefore, 
except for very high minimum strains, this is essentially a true dynamic fatigue 
life curve. If our dynamic fatigue tests had lasted for several years instead of 
several weeks or months, static fatigue (that is, progressive break-down due to 
the average value of the strain) would become an important consideration, and 
would reduce the life values for even moderate minimum elongations. 

This is illustrated by Figure 9, which shows both the statie fatigue curve 
and three dynamic fatigue life curves obtained at different frequencies. Up to 
this point the static fatigue life has been given in time units of days to complete 
rupture, while the dynamic fatigue life has been given as number of cycles to 
complete rupture. In Figure 9 both types of fatigue are expressed in time 
units. It is obvious that this can be done for dynamic fatigue values if the 
frequency of the test machine is taken into account. 

These four curves refer to the same stock and to a given constant temperature 
of the rubber. The fatigue life axis is a log scale with arbitrary time units, and 
is the same for both the static and the dynamic fatigue curves. The abscissas 
refer, in arbitrary units, either to the percentage linear strain in the rubber at 
the minimum in the oscillation cycle for the dynamic case or to the imposed 
strain in the statie case. The oscillation stroke for all the dynamic curves is 
assumed to be the same, and hence corresponding points such as A, B, and C 
represent the same number of cycles of vibration to rupture. They represent 
different times to rupture because the samples for the different curves I, II, and 
III are assumed to be vibrated at different frequencies. 

Curve I represents what would be obtained in a high-speed fatigue machine. 
The speed of the machine is such that the complete dynamic fatigue life curve 
falls well within the static fatigue life curve. Hence it represents the true 
dynamic fatigue case. In general, our dynamic fatigue testing has been of this 
type. 

For a machine of somewhat lower speed, curve II would be obtained. Out to 
the point of intersection of curves II and IV the time intervals for curve II are 
constant multiples of those for curve I. Beyond the intersection of curve II with 
curve IV it is impossible to increase the effective fatigue life of the rubber by 
increasing the minimum strain in the oscillation cycle. This is true because 
the intersection of Curves II and IV represents the point where static fatigue 
becomes the determining feature in the life of the sample. Further increase in 
minimum strain will merely carry the fatigue life down along curve IV. Curve 
III, for a low-speed machine, shows the same general behavior as curve II. How- 
ever, it intersects IV at a lower minimum strain than does II. Increasing the 
minimum strain beyond that at the point of intersection actually reduces the 
fatigue life instead of carrying it to the higher dynamic fatigue values which 
would be found were static fatigue not the most important consideration. 

The conclusions to be drawn from these curves are: (1) If rubber is worked 
in extension and if the conditions of vibration of the rubber are such that static 
fatigue can become an important consideration, there is a limit to the time life 
that can be obtained for the rubber by increasing the minimum strain in the 
oscillation. (2) This limit is the time corresponding to the intersection of the 
static and dynamic fatigure curves. (3) The lower the vibration frequency of 
the unit, the lower is the minimum strain at which this intersection takes place. 
These conclusions also apply to any other type of deformation. 
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In practical designing, both types of fatigue must be allowed for. If the am- 
plitude and frequency of vibration of a part are large, the part may fail pri- 
marily because of dynamic fatigue; if the amplitude and frequency are small, 
the part may fail mainly as a result of static fatigue. For these reasons, any 
choice of working stresses must be a compromise so determined that both the 
static and the dynamic fatigue lives of the part are adequate. 
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1 Cadwell, Merrill, Sloman and Yost, Ind. Eng. Chem. Anal. Ed. 12, 19 (1940). 
2 The shear modulus is the shearing stress divided by the shearing strain, determined from the 
average slope of the shearing stress-strain curve out to about 80 per cent shearing strain. 








VISTANEX POLYBUTENE—RUBBER 
BLENDS * 


S. LoncGMAN 


ADVANCE SOLVENTS AND CHEMICAL CoRPORATION, NEW York, N. Y. 


COMPOSITION AND PROPERTIES 


Vistanex Polybutene is the trade-name of a series of high-molecular weight 
polybutene polymers the physical consistency of which is governed largely by 
the degree of polymerization. 

Chemically, Vistanex Pelybutene is considered to be a linear polymer having 
a negligible degree of unsaturation. This structural characteristic is considered 
to endow Vistanex Polybutene with its many outstanding properties, which were 
thoroughly described in a previous paper (cf. Ind. Eng. Chem.) However, a 
brief summation of these properties at this time will serve as a hasty reintro- 
duction. 

1. Extreme resistance to ozone, acids, alkalies, and corrosive salts. 

2. Excellent aging properties, especially at elevated temperatures. Air bomb 
and high-temperature oven tests show no hardening, embrittlement, cracking, 
oxidation, or reversion. 

3. Insolubility in alcohols, esters, ketones, and most organic solvents contain- 
ing oxygen. Solution in petroleum and coal tar solvents and some chlorinated 
solvents. 

4. Extremely low water absorption and moisture vapor permeability. 

5. Excellent electrical properties, with a low power factor and dielectric 
constant. 

6. Resistance to most vegetable and animal fats, oils, and greases. 

7. Less thermoplasticity and less degradation or breakdown by mechanical 
milling or mixing, than rubber. 

8. Incapacity for being vulcanized or cured. 

The low polymers of Vistanex Polybutene are soft, tacky, slowly flowing 
pastes. A grade having a molecular weight of 12,000 to 13,000 and designated 
by the term No. 6, or L.M., has numerous applications in hot-melt coatings and 
adhesives, solvent coatings, adhesives, and caulking compounds, and as a _ plas- 
ticizer for waxes and resins. However, these low polymers are not as adaptable 
to rubber compounding as are the higher polymers. Therefore, this paper will 
consider only polymers having molecular weights from 70,000 to 120,000. These 
higher polymers, designated by the term Medium or M.M., are elastic, rubber 
solids, very pale to water white in color, and greatly resemble pale crepe rubber 
This grade can be easily milled, and in general can be processed in the same 
routine manner as raw rubber. 

The tensile strength of this Medium grade depends both on the molecular 
weight and on processing manipulations. Conventional test methods indicate 
tensile strengths of 75 to 200 pounds per square inch. Vistanex Polybutene 
Medium shows a marked susceptibility to molecular orientation or calender grain- 
ing and, because of this, the tensile strength can vary. To gain better strength 





* Presented before the Division of Rubber Chemistry of the American Chemical Society at its meeting 
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and rigidity, various fillers and reinforcing pigments can be incorporated with 
a good measure of success. These polymers exhibit an exceptionally high degree 
of binding and dispersing ability, exceeding natural rubber in this respect. For 
example, 150 parts of channel black, when milled into 100 parts of pale crepe, 
gives a stiff, boardy sheet, whereas the same channel black loading in Vistanex 
Polybutene Medium results in a smooth, soft, flexible, and fairly strong sheet 
having an excellent glossy finish. Furthermore, a loading of 500 to 1000 parts 
of tale by weight can be readily milled into 100 parts of Vistanex Polybutene 
Medium. Even the highest of these loadings are still flexible and soft. 

Vistanex Polybutene Medium milled with such common materials as clay, 
whiting, tale, carbon black, cork, asbestos, etc., has numerous uses. Acidproof 
tank linings and coatings, gasket sheetings, packing and caulking compounds, 
adhesives, and sealing compounds are typical applications made possible by 
these simply reinforced and filled Vistanex Polybutene Medium compounds. 
Although these compounds have greatly improved physical properties, it is 
apparent that a stronger and more rubberiike reinforcing material would give 
even better results and enable the advantages of Vistanex Polybutene to be used 
in a great many additional applications. 


VISTANEX POLYBUTENE MEDIUM—RUBBER BLENDS 


At this point it was only natural that the use of rubber should be investigated 
as a reinforcing material to obtain the improvements described above. Because 
both Vistanex and rubber could be blended on a regular rubber mill, no compli- 
cations were met in compounding them. Also the presence of rubber acted as 
a plasticizer for the resilient or nonplastic Vistanex Polybutene, and made tubing, 
‘alendering, and general processing much easier. The use of these blends quickly 
proved to be the best means to gain sufficient strength and rigidity in fabricated 
forms and articles. 

Preliminary work with minor ratios of Vistanex Polybutene to rubber showed 
that the desirable qualities of the former were imparted to a degree approxi- 
mately in direct proportion to the percentage of Vistanex Polybutene in the 
compound. However, after passing the point where the compound had more 
Vistanex Polybutene than rubber, there seemed to be a definitely greater gain 
in these characteristics than a direct proportion should give. This was especially 
true of heat, ozone and acid resistance. 

As a material to add heat resistance to rubber steam hose and belt covers, 
or to add ozone resistance to cable insulation, Vistanex Polybutene does its part 
in a manner entirely different from regular rubber antioxidants. The actual 
protecting or influence is apparently one of purely physical action, or prevention 
of action, as the case may be. The result is probably due to at least a partial 
enveloping of rubber particles with a Vistanex Polybutene coating or film which 
covers and protects the rubber particles. Rubber can readily be dispersed in 
Vistanex Polybutene in a very complete manner. This fact and the fact that 
the amount of Vistanex Polybutene must be greater than that of rubber to gain 
maximum protection, strongly indicate that some such enveloping action of the 
rubber may exist. However, in actual compounding these blends one must not 
ignore the use of regular rubber antioxidants used for the protection of the 
rubber. Rubber can deteriorate at elevated temperatures even when protected 
from air. Certain antioxidants for rubber are particularly effective at high tem- 
peratures, and can well be used in these blends. 
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RECOMMENDED RATIOS OF VISTANEX POLYBUTENE AND RUBBER 


With regard to recommended ratics of Vistanex Polybutene to rubber for 
various compounds, the following ranges have been found to give the best results: 


1. For eable insulation, 60-65 parts of Vistanex Polybutene per 40-35 parts 
of rubber gives the best ozone resistance that ean be had, with physical proper- 
ties maintained at an acceptable level. 

2. For compounds resistant to acids, alkalies, and corrosive salts, the maxi- 
mum amount of Vistanex Polybutene possible is recommended. Physical require- 
ments for this type of application are usually low, so that the rubber content 
can be set at a much lower percentage, approximately 20-25 per cent. 

3. Heat-resisting compounds such as steam hose, conveyor belt covers, ete., 
usually contain fairly high loadings of carbon black. This fact helps the com- 
pounder to increase the amount of Vistanex Polybutene because advantage can be 
taken of the reinforcing effect of these same blacks on the Vistanex Polybutene. 
Actual production of these types of products has shown that ratios of 50-60 
parts of Vistanex Polybutene to 50-40 parts of rubber are quite practical. The 
use of clays, whitings, and other inert fillers should, whenever possible, be 
avoided in these compounds, since they have only fair reinforcing etiects on 
the Vistanex Polybutene and, consequently, give somewhat poorer physical 
properties than the corresponding carbon black stocks. 


PREMASTICATION OR BREAKDOWN OF RUBBER 


The mastication or breakdown of the rubber portion of these blends is an 
exceedingly important factor to be considered in precessing them and obtaining 
the desired properties in the final vuleanized products. For proportions of 50-40 
per cent of Vistanex Polybutene to 70-60 per cent of rubber, normally broken- 
down rubher gives perfectly satisfactory results. However, with greater propor- 
tions of Vistanex Polybutene, the blends are exceedingly sensitive to the degree 
of rubber premastication or break-down. This is especially true in pure-gum 
stocks. For example, a 600-gram batch of smoked sheet placed on a warm 6 x 12- 
inch laboratory mill for 20 minutes, and then blended in a Vistanex Polybutene- 
rubber cable insulation stock, gave a tensile strength of 500 pounds per square 
inch. The same compound made with unmasticated smoked sheet showed a 
tensile strength of 850 pounds per square inch. Naturally, the compound made 
with the unmastieated rubber was stiffer, harder, and lacking in plasticity, due 
to the loss of the plasticizing action of thoroughly masticated rubber. However, 
in higher Vistanex Polybutene-ratio compounds, where the compounder is en- 
deavoring to maintain tensile strengths as high as possible, some such modifica- 
tion of rubber breakdown ean be made to advantage. In other words, a com- 
promise between maximum tensile strength and sufficient plasticity of raw stock 
for processing is advisable. Table I shows the results of adding rubber in various 
stages of breakdown to a Vistanex Polybutene Medium-rubber cable insulation 
compound. 

Compound A, with which the relative total milling time was the greatest, 
gives the lowest tensile strength and is not recommended. Compound C is also 
not recommended because of the inerease in stiffness and resilience of the raw 
stock and consequent difficulties in processing. Compound B, which is a com- 
promise, gives the best tensile strength that can be obtained and still retain 
cood processing properties. 
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Tas_e I 
VISTANEX PoOLYBUTENE-RUBBER CABLE COMPOUNDS 


SHOWING THE EFFECT OF RUBBER BREAKDOWN 


A B Cc 
Vistanex polybutene medium..............cccccecececs 47 47 47 
Smoked sheet (20 min. breakdown).................08- 28 — — 
Smoked sheet (very slight breakdown)................ — 28 = 
Asphalt (air touched—softening point 185° F.)........ 10 10 10 
MASI UIME RE Recs cause ote cesauet tearerc sea che’h wretonsteaslats a tinaN oc aGaw 6 ove iota Wks 5 5 5 
MEAG MORI. 67s tein a eee clack eden ewes eee 5 5 5 
CEOS TOST ICT RRR eee oh Ae ge i ce a a ees 0.4 0.4 04 
ELLIE RS APOE ee ener a ernie ain er era eo na ee ee 1 1 il 
BenZOUNIATY! CISUIMOE 5... os Vaca ed Gee eee arn ates 2 2 2 
PACT LOC TCE 1, Hee Ae tl ge geo ea 16 16 1.6 
Smoked sheet (very slight breakdown) added last...... — = 28 
J CUS [RAD Nt Ueey ane ee Ate A ey en tr ee 100 100 100 
Press cure—45 minutes at 274° F. 
Tensile strength. (ibs: per sq. 1.) sec ces sicsecces ccs 500 765 850 
Per cent elongation, max.............. aiiiaydidsier: aretaieaats 650 625 625 
Modulus at 300 per cent elongation.................. 100 150 150 
pnore Durometer Hardness. ..... 06. .ccec egies seecesees 3l 35 36 


ACCELERATOR, ACTIVATOR, SULFUR, ETC., ADDITIONS 


The question of accelerators, activators, antioxidants, and sulfur additions to 
these blends brings up the question of the basis on which these additions should 
be computed. Should it be the rubber portion only, or the total combined weight 
of Vistanex Polybutene and rubber? When one remembers that Vistanex Poly- 
butene cannot be vulcanized, the first inclination is to ignore its presence in a 
blend, and to proportion the added ingredients only on the rubber present. 
However, a few preliminary tests, especially of pure-gum stocks, will immediately 
show that if the ingredients are added on this basis, the resultant cures will give 
very low moduli and hardnesses. Tensile strength will be at an approximate 
maximum, but resistance to cold flow and permanent set will be at a minimum. 
Stocks formulated on this basis give every indication of being undercured. Check 
cures, basing the vuleanizing ingredients on the total Vistanex Polybutene plus 
the rubber, will quickly prove that this is the most satisfactory procedure for 
these compounds. Resultant cures, using the total hydrocarbons as a basis for 
the additions of sulfur, accelerator, ete., will have the maximum resiliency, 
rigidity and resistance to permanent set and cold flow. 

Table II illustrates typical results on the physical properties when the two 
bases for sulfur and accelerator dosages are compared. Note the extremely 
low modulus and lower hardness values for compound C, which has had the 
vuleanizing ingredients added only to the rubber portion. 

These results are what one might expect when it is remembered that Vistanex 
Polybutene is extremely capable of dispersing any powders or vulcanizing in- 
gredients milled into it. When substituted for a portion of the rubber in these 
blends, Vistanex Polybutene functions as rubber with regard to dispersing 
accelerators, activators, antioxidants, sulfur, fillers and reinforcing agents. How- 
ever, this similarity ceases when the stock is ready to cure. From this point on, 
Vistanex Polybutene is chemically inert. Therefore, in compounding these blends, 
the vulcanizing ingredients must be based on the total Vistanex Polybutene plus 
rubber; otherwise the Polybutene would divert or absorb from the rubber a 


« 


large amount of these materials necessary for full cure of the rubber portion. 
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TABLE II 


50/50 VistaNEX PoLyBUTENE—RuBBER COMPOUNDS 


SHOWING EFFECTS OF TOTAL AND HALF ADDITIONS OF VULCANIZING INGREDIENTS 
A B Cc 
Vistanex polybutene medium........ 0 50 50 
RON EEIDOD bia kwebshse nace aes 100 50 50 
PAU MIRUD SG Ces ead CO tse akam mys 5 5 2.5 
PUN EEN Se Se El Snood ictors tap nis 1 1 0.5 
Mercaptobenzothiazole ............ 0.75 0.75 0.375 
Tetramethylthiuram disulfide ...... 0.25 0.25 0.125 
OES SS OT ee a ree tae 1.0 1.0 0.5 
Press cure—20 minutes at 187° F. 
Tensile strength (Ibs. per sq. in.).... 3200 1200 950 
Per cent elongation, max........... 675 600 750 
Modulus at 300 per cent elongation.. 140 130 60 
Shore Durometer Hardness.......... 38 37 32 


MILLING INSTRUCTIONS 


A few simple rules for making these blends are suggested. By following them, 
any compounder with no previous experience with Vistanex Polybutene can 
easily make satisfactory compounds. 

1. Place the Vistanex Polybutene Medium on a warm mill (100 to 120° F). 
A mill too cool will not allow the operater to take advantage of even the small 
thermoplastic properties of the material. 

2. Add the rubber portion and cut in thoroughly. The rubber should be 
previously milled for a minimum breakdown. On a warm factory mill this 
usually consists of 8 to 10 minutes. In the laboratory, 8 to 10 passes through 
a tight 6x 12-inch laboratory mill suffice. 

3. Add a suitable plasticizer if the compound is to be tubed, calendered, or 
extruded. The resilient character of Vistanex Polybutene must be regarded as 
permanent, and no attempt should be made to break it down by excessive milling 
or high temperatures. Suitable plasticizers are asphalts with melting points not 
over 235° F, paraffin waxes, and lower polymers of Vistanex Polybutene. Regu- 
lar factices and most rubber plasticizers can also be used to advantage for this 
purpose. However, one must realize that the introduction of a softener, while 
necessary for processing, will also lower the physical properties of the cured 
stock to a certain extent. For this reason the minimum amount of these materials 
should be used in all cases. 

4. The regular rubber auxiliaries may now be added in the customary manner. 
Cut sufficiently to secure good dispersion, and remove from the mill. 


CURING PROCEDURES 


With regard to curing procedures for these blends, no special precautions need 
be taken, especially for open steam or oven cures. Press cures may, if the 
Vistanex Polybutene percentage is very high, give slightly blemished surfaces. 
This condition is probably due to the extreme impermeability of the Vistanex 
Polybutene to gases and moisture vapor. During the cure in the press, certain 
vapors are always given off. This is normal. Whereas, with rubber, these vapors 
ean be absorbed to some extent, with Vistanex Polybutene, this is almost im- 
possible. This condition can be easily overcome by curing between some absorbent 
material such as Holland Cloth or sodium silicate-coated paper. These materials 
will not adhere to the cured articles after removal from the press. 
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VISTANEX-RUBBER BLENDS 


EXAMPLES OF VISTANEX POLYBUTENE—RUBBER BLENDS 


Pure-gum, zine oxide, carbon black and clay-loaded blends were made to show 
the effect of these fillers and reinforcing pigments on physical properties and 
aging characteristics. Also two ratios of Vistanex Polybutene and rubber were 
made to show the influence of Vistanex Polybutene on physical properties and 
aging. 

Table III lists recipes and original and aging data on a 75:25 ratio of Vistanex 
Polybutene: Rubber. This is approximately as high as the Polybutene percentage 
‘an be made and still retain physical properties sufficient for most cases. 

Table IV lists the same compounds and data, except they are based on 60:40 
Vistanex Polybutene: Rubber blends. This 60:40 ratio was set for the lower 
limit of Polybutene. Below this amount the unique qualities of Vistanex Poly- 
butene are not greatly preserved because of the increasing influence of the rubber. 

Aging tests were made in both an air-bomb at 260° F and 80 pounds per square 
inch air pressure, and in a high-temperature (250° F) circulating-air oven. 
Air-bomb tests were run for 20 hours, oven tests for 7 days. Actual data show 
that these compounds have exceptionally good aging characteristics. However, 
numerical data are insufficient to describe fully these compounds after aging. 
In practically all cases the physical appearance, flexibility, resiliency, elasticity 
and, in general, the rubberlike properties of the aged specimens were identical 
with the original compounds. 


APPLICATIONS OF VISTANEX POLYBUTENE—RUBBER BLENDS 


These compounds suggest a wide range of applications for greatly improved 
service. The soft-black loadings are valuable for acid- and corrosive chemical- 
resistant stocks. Channel black-loaded stocks are suitable for heat-resisting 
conveyor belt covers. Pure-gum stocks can be used for druggists’ sundries where 
service May require repeated sterilizing in steam. Also the absolute lack of odor 
of Vistanex Polybutene and the resulting mild odor of the rubber blends make 
these compounds especially suitable for druggists’ sundries, food enclosure gaskets, 
caps and rings. These applications are even more valuable when it is remem- 
bered that Vistanex Polybutene is extremely immune to swelling or deterioration 
in contact with vegetable and animal fats, oils, and greases. 

Semi-reinforcing carbon black loadings are of promise as steam hose covers 
and tubes. Actual tests and service have definitely proved this to be correct. 
The following data and charts represent a rubber compound made with semi- 
reinforcing black, various proportions of its rubber content being replaced with 
Vistanex Polybutene. Table V lists the recipes and the original and aging data 
for this series of compounds. Graph No. 1 shows the effect. on tensile strength 
of increasing proportions of Vistanex Polybutene. The dotted curve on this 
graph represents the tensile strength of the specimens aged in the air-bomb for 
10 hours. Notice how this curve gradually approaches the original tensile strength 
curve as the percentage of Vistanex Polybutene is increased. With 60 per cent 
Vistanex Polybutene, these two curves practically coincide; this indicates the 
extremely low loss of tensile strength in the higher Vistanex Polybutene per- 
centage compounds. Graph No. 2 represents the percentage of the original tensile 
strength retained after aging. In this graph the curve takes a pronounced 
upward swing as approximately the 40 per cent Vistanex Polybutene point. 
This shows the desirability of having the Vistanex Polybutene percentage as high 
as possible if the maximum benefits of the Polybutene are to be preserved. 
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Grari 1. 
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VISTANEX POLYBUTENE—HARD RUBBER BLENDS 


A recent development to obtain high physical properties in rubber blends 
containing an extremely high proportion of Vistanex Polybutene is the use of 
rubber ebonite stocks as a reinforcing material. By adding as little as 5 parts 
of rubber in this form, and also at the same time incorporating some reinforcing 
pigment, Vistanex Polybutene stocks with exceptionally good physical properties 
have been made. 

Limitations to the amount of rubber that can be used in this process are 
fairly definite. Less than 5 parts of rubber per 95 parts of Vistanex Polybutene 
will not give good physical properties; more than 10 parts of rubber per 90 
parts Vistanex Polybutene will result in stiff, hard, boardy stocks. These com- 
pounds offer possibilities as acid- and corrosive chemical-resisting tank linings, 
hose, and fabricated parts of all kinds. 
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Table VI lists a short series of 95 Vistanex Polybutene:5 rubber ebonite 
blends. Note the exceedingly high tensile strength values for the proportion of 
rubber used. 

TaBLe V 


VISTANEX POLYBUTENE IN HigH TEMPERATURE RUBBER COMPOUNDS 


A B C D 

Vistanex Polybutene Medium.................. 0 20 40 60 
PERSIE GEOL (oa cvshevs seasonings usiensurcnrerieaau 100 80 60 40 
MAT OMNI 0 Wash os cine o.oo Gu eA ee Ce oniaae wes 5 5 5 5 
TESTO Ss Sener n eeeian ee st ntners St ake 2 2 2 2 
Antiomidant (Amimox or equal)... «0.6.0 00<06005% 2 2 2 2 
Semi-reinforcing black (Gastex or P-33, etc.).... 60 60 60 60 
BORNE RUIN eho Face Rute a ernnte em. cia ere omen 0.75 0.75 0.75 0.75 
Tetramethylthiuram disulfide .................. 0.25 0.25 0.25 0.25 

(Tuads or Thiurad) 
MereaptobenzZotniazole «... 6. sc scec ccdcccees ses 1 1 1 1 

171 171 171 171 

Original, physicals 

Press cure—min. at 287° F................. 30’ 30’ 30’ 30’ 

Tensile strength (lbs. per sq. in.).......... 2660 2050 1250 750 

Per cent clon@ation, Max... ..<...66.06080s% 475 380 275 265 

STIG A ME NEIORN CS. se oo one xs hs ee aoe eis 69 69 69 69 
10 hour air-bomb aging 

10 hours in air bomb 260° F., 80 lbs. per sq. in. 

Tensile strength (lbs. per sq. in.).......... 950 750 900 625 

Per cent clongation, max..........<+..«6. 350 300 200 200 

CeO oh Wp) co hh er a 50 58 69 69 


TasBie VI 
VISTANEX PoLYBUTENE Mrep1uM—Harp RusBer 


RECIPES AND DATA ON 95/5 VISTANEX POLYBUTENE/RUBBER BLENDS 


Vistanex Polybutene Medium................ 95 95 95 95 

MOMCG BRECE. 666 .kiii oss avo dwcdwwss 100 

SOPNIMMNN Ney Ses Totti s aah, aia wae Rok oa 30 | 

PEC TONNIES 650 ves occ Gio ane ee aera 3° 6.8 6.8 6.8 6.8 

Accelerator no. 808..............00. 2| 

RMN Sista caiao.stacetd oo nen we reas 1 

MOI ORO Stash in cep i IN Di as 136 

CUO CO CG SSR ee og ee SC ene ee Pee _ 150 — — 
Semi-reimforcing BIACK. .i.si.ccce cece cde svees — — 120 — 
oll lobe AS ONS i ce eee eee ene aes — — — 80 

(7015 1 ae eo Oe hc Re Run Rea Te eee 101.8 251.8 221.8 181.8 
Press: Gure=—miih. at: 287° Book csceccwseceevces 60 60 60 60 
Tensile strength (Ibs. per sq. in.)...........008 100 500 700 1000 
Per Cont ClOngatION,. MAK ie i osc :6 ccs occ sees 1000 825 675 850 
Modulus at 300 per cent elongation............ 25 230 475 275 
Shore Durometer Hardness.................. 25 60 78 70 


VISTANEX POLYBUTENE—PLIOLITE BLENDS 


Another recent application of Vistanex Polybutene has been the blending of 
this material with Pliolite Resin, a cyclized rubber derivative. These blends 
were made on a mill having steam-heated rolls with surface temperatures of 
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230° F to 250° F. The Pliolite portion was first milled and banked, and then 
the Vistanex Polybutene was added. A short milling thoroughly incorporated 
these two materials which, on cooling, resulted in a strong, tough, odorless, horny 
substance. Flexibility, elasticity and general rubberlike properties were quiie 
good. 

These blends have been suggested as substitutes for balata and gutta-percha 
in hot-melt coatings, as adhesives and for certain molded stocks. Beeause of 
their very slight odor, and resistance to aleohol and to aging, they are of promise 
as beer and dairy host materials. When loaded with zine oxide, titanium dioxide 
and carbon black, they produce molded goods having excellent glossy finishes. 

These stocks, being thermoplastic and not requiring vulcanizing, may be fabri- 
eated in regular rubber mill equipment, provided the temperatures are main- 
tained at a point where the stocks are plastic. The presence of Pliolite results 
in the thermoplastic condition, and also serves as a suitable plasticizer to make 
processing possible. 


TasLe VII 
VISTANEX PoLYBUTENE Merpi1uM—PLIoLITE BLENDS 


RECIPES AND DATA ON PURE GUM AND FILLED STOCKS 











Vistanex polybutene medium.................. 100 100 100 100 100 100 100 
Pliolite resin (milled grade)................005: — 2 50 7 100 50 #450 
RNIN OAs wack nwa Sep aca e ee eres's< —- —- —- — — — 80 
DAMN RMN ee ious Ae wink am anm osioee Kau’ —- — — — — 58 — 
EM IRIN isa s ca wikw sie G50% oe FSsh woe Sea's —- —- —- — — § — 

SUC Arcsin a eae nea hires hea be 100 125 150 175 200 250 200 
Sheeted out on press at 287° F. for 10 minutes... — — — ~~ ~— — — 
Tensile strength (lbs. per sq. in.).............. 100 400 900 1200 1400 700 900 
Per cent elongation, max...............-..0.... 1000 450 325 275 100 300 325 
Modulus at 300 per cent elongation............. 25 200 800 — — — — 
Shore Durometer Hardness...................- 23 40 63 78 94 78 84 


Blends of these two materials and also loaded stocks are shown in Table VII. 
Data listed here indicate the physical properties one may expect with various 
ratios of Vistanex Polybutene and Pliolite Resin. 


CONCLUSION 


From the foregoing data on blends of Vistanex Polybutene and rubber, it is 
evident that these two materials complement one another. Each has properties 
which the other lacks, and blends of the two can be made to emphasize the 
more desirable properties of either one. Extreme flexibility in compounding 
these blends is possible, since they are nerfectly compatible in milled compounds. 
Therefore, great latitude is given in compounding of these blends to secure any 
range or degree of properties possible with either of the components. 

Vistanex Polybutenes should not be considered as synthetic rubber, because 
they will not vuleanize, and they lack certain characteristics of vuleanized natural 
rubber. More properly Vistanex Polybutenes should be considered as modifying 
agents for partial substitution of natural rubber. In many cases, this substitution 
of a part of the natural rubber in a compound by Vistanex Polybutene confers 
definite advantages and improves qualities of such compounds for special uses. 
Therefore, Polybutenes, even in normal times, have a very definite field of use- 
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fulness and, in the event that imports of natural rubber become restricted, the 
availability of the Vistanex Polybutenes in quantity will be of increasing im- 
portance to the rubber industry. 

Since the raw materials for the manufacture of Vistanex Polybutene are 
petroleum products, the availability of raw materials is a source of no dilliculty 
in this country. Likewise, the manufacturing equipment is not excessively ex- 
pensive, and, with expanded production, lowered prices may confidently be 
expected. 





PLIOLITE-RUBBER MIXTURES * 
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Cyclized rubbers have attracted the attention of chemists for a long time. 
When pure, all of these derivatives of rubber consist of a hydrocarbon or a 
mixture of hydrocarbons (C;H,),, and all have Jess unsaturation than does the 
parent substance. Their physical properties, however, vary from rubbery to 
hard shellaclike types, and their formation is attributed to internal cyclic forma- 
tion, since there is a change in the unsaturation but no change in the composi- 
tion when compared to the original rubber. 

Several different methods have been utilized for the preparation of a cyclized 
rubber. Harries® obtained a white inelastic solid by treating a rubber hydrogen 
halide with an organic base. 

When rubber is heated under conditions which preclude complete breakdown, 
a diminution in the number of double bonds is effected, together with increase 
in density. Cyclization by pyrogenic decomposition was accomplished as early 
as 1838 by Himly*® 

The heat-cyclized rubber obtained by Staudinger and Geiger’® was a white 
powder, the solutions of which were of low viscosity. The effect of heat on rub- 
ber in solution as investigated by Staudinger and Bondy'* showed that, up to 
150° C, the number of double bonds remained the same, but at higher tempera- 
tures cyclization occurred. 

As early as 1781 Leonhardi referred to a tough elastic product obtained by 
treating rubber with sulfuric acid. In 1851 Macintosh obtained a patent for a 
process in which the extruded or moulded articles of gutta-percha were subjected 
to superficial hardening by immersion in concentrated sulfuric acid. However, 
the sulfuric- or sulfonic-acid-cyclized rubber of today is based upon the investi- 
gations of Fisher and coworkers*: +. These materials, known as Thermoprenes, 
were shown to be cyclic isomers of rubber hydrocarbon, in agreement with the 
observations of Kirchhof!? and Staudinger’. 

Rubber isomers from halides of amphoteric metals, such as stannic and stan- 
nous chlorides, aluminum chloride, boron fluoride, and chlorostannic acid, em- 
brace some of the most valuable chemical derivatives of rubber. A comprehensive 
study of these reactions was made by Bruson, Sebrell, and Calvert!. The prop- 
erties of amphoteric metal halide derivatives of rubber which render them spe- 
cially valuable as moulding materials were described by Thies and Clifford? 
and by Jones and Winkelmann"?. 

Numerous other methods for isomerizing rubber include the silent electric 
discharge®: °, heating in the presence of surface-active substances!®, phosphorus 
oxychloride*: *5. 4, and hydrogen fluoride’ 1%: 14, 


PLIOLITE 


When rubber is cyclized with agents such as tin tetrachloride or chlorostannic 
acid under proper conditions, some interesting physical changes take place, 
especially if this phenomenon is carried out with heat in a solvent? 2? (Figure 1). 


* Reprinted from Industrial and Engineering Chemistry, Vol. 38, No. 3, pages 389-393, March 1941. 
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The first indication of a change taking place in the rubber is an immediate 
build-up in the viscosity of the solution. This is followed by a gradual decrease 
in viscosity, as heating progresses, until a stage is reached where further heating 
does little in further reducing the viscosity. At this point the final viscosity is 
only about one-thousandth of the starting viscosity, and the cyclization has been 
completed. Further, the density of the product is now 1.06 instead of 0.98, the 
specific gravity of the original rubber. This reaction can be followed on the 
curve of Figure 1. 





Chemically the reaction product analyzes about 96 per cent (C,;H,),, and a 
whole family of resins can be produced, depending on where on the reaction 
curve the process is stopped. The group of materials prepared by this method 
has been given the trade name Pliolite. The general rule is that the longer the 
reaction is allowed to run, the harder and more brittle the resulting resin becomes 
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and the higher is its distortion temperature. It has also been proved that as 
cyclization progresses, unsaturation of the original rubber is decreased until, 


with a fully reacted product, chemical unsaturation is only about half of what it 
is with the original material. 


This calls for a structural change from the 
CH, 


conventional of rubber to a more saturated formula’® 
(H,C—C=CH—CH.),. 
such as: 
CH, CH, 


| 


| | | 

—CH,—C—CH—CH,—CH,—C=CH—CH,— | 
| | 

—CH,—C—CH—CH,—CH,—C=CH—CH,— | 


| | 
L CH, CH, 
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Commercial applications have been made?®: *? of all the derivatives shown on 
the reaction curve, but in this discussion we shall attempt to cover some of the 


work that has been done on mixing Pliolite derivatives with rubber and rubber- 
like materials. 
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PLIOLITE-RUBBER MIXTURES 


In milling Pliolite alone, a marked difference in the performance on the mill 
compared to rubber is observed. The usual power consumption of rubber during 
the milling procedure is approximately 1 horsepower per inch of mill length. In 
the ease of Pliolite this power consumption is 5 horsepower per inch of mill 
length. This means that on a 60-inch mill, for example, rubber requires 60 
horsepower for milling, whereas Pliolite requires approximately 300 horsepower 
for the same batch. 

In milling, Pliolite powder, a fine white material, is massed by one pass 
through a tight mill, and is then banded slowly on the mill until the thermoplastic 
mass forms a bank. To make rubber-Pliolite mixtures, it is necessary to put the 
Pliolite on first, and add the rubber slowly in the beginning until approximately 
10 to 15 per cent of the rubber is in the batch; then the relative speed of the 
rubber addition ean be increased. The reverse method of adding Pliolite to 
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rubber is unsuccessful; the Pholite does not soften, and simply floats in the rub- 
ber matrix more or less as a solid pigment. 

Mixtures of Pliolite and rubber partake of the characteristics of the two mixed 
ingredients. The rubber tends to function as a solid, nontacky plasticizer for the 
Pholite; and as the rubber content is increased, the mixture takes on more of 
the characteristics of rubber, and here Pholite functions as a stiffening and 
hardening agent for rubber. 


COMPOUNDING DATA 


As an example of the characteristics Gf mixtures of Pholite and rubber, we 
have obtained some data on the following test formula: 


RRAsTSIpET CRNLUAOT RANI IDLO So Sos wx on shor onsen eee oapiain 100.0 
ATE ERM ope Pe RE pe ey eg he bea ance seman 5.0 
RR ERODED ier hr ee Sete hat ews eee Ok 15 
I 85.056 chaig Hans uawiy se sihaeaad Koes s cases 15 
Zine dimethyldithiocarbamate (Zimate).............. 0.2 
Mercaptobenzothiazole (Captax) ..........0..00 0 eee 15 
Di-s-naphthyl-p-phenylenediamine (Agerite White) .. 2.0 


SULT CLS SSS cece chara RE te WU oe a te ee 15 
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This is a relatively fast-curing formula, and a range of cures was obtained run- 
ning from 1 to 10 minutes at 300° F. 

It was found impractical to test these stocks using the usual centimeter dumb- 
bell at the usual gauge thickness of approximately 1/17 inch. It was necessary 
to reduce the gauge to approximately 0.035 inch, with a width of 4 inch. A 
comparison of the smaller dumbbell with the conventional type is given in 
Figure 2. 

The maximum tensile strength of the various mixtures over this range of cures 
gives the curve shown in Figure 3. It is typical of these mixtures in that it shows 
high values at the ends where one ingredient predominated (either Pliolite or 
rubber), with a lower plateau in the center where the two ingredients are mixed 
in more nearly equal proportions. We were somewhat at a loss to explain this 
phenomenon until some light was shed on it through the x-ray diffraction dia- 
grams. From these studies it seems that, for rubber to develop its maximum 
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strength, a eonsiderable number of crystallites must be formed on stretching. 
This crystallization is induced by strain, and begins to take place at elonga- 
tions somewhere in excess of 300 per cent, intensifying as elongation increases. 
The theory is that the low plateau effect in these mixtures is due to the Pliolite 
preventing the rubber from stretching enough for the formation of crystallites. 
Then, as the curve rises on the high Pliolite side, it is possible for the mixture 
to begin to partake of the tensile properties of the Pliolite resin rather than the 
discontinuous properties of the equal-part mixtures. Figure 4 shows x-ray dia- 
grams of Pliolite, rubber, and mixtures of the two, unstretched and stretched; 
they clearly point out the developmert of crystallites during stretching. 

The characteristic elongation at break of Pliolite-rubber mixtures is shown 
in Figure 5. As the Pliolite content of the mixtures increases, the elongation 
decreases. 

Figure 6 gives the modulus at 300 per cent on the range up to 60 Pliolite— 
40 rubber. The higher concentrations of Pliolite broke at less than 300 per 
cent elongation. This curve shows that, as the Pliolite is added, the modulus is 
decidedly increased; examination of these stocks by hand brings out this dif- 
ference even more strongly than the curve shows. The stocks become stiffer as 
the amount of Pliolite is increased, and they possess the ability to stand under 
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their own weight in sheet form after about 30 parts Pliolite-70 parts rubber has 
been reached. Figure 7 shows their performance under their own weights. 

They also possess another interesting property which could be called resistance 
to cutting or resistance to shear. As the Pliolite content of the stock is increased, 
the shear resistance as measured by a pair of hand-shears is markedly increased 
(Figure 8). It is difficult to cut a 4 inch slab of the 70 Pliolite-30 rubber mix- 
ture with shears. 

Figure 8 also shows the rebound of Pliolite-rubber mixtures, measured by the 
pendulum method. As the Pholite is increased, the rebound decreases until a 
flat portion of the curve is reached toward the higher loading range. 

Figure 8 also shows the hardness of these mixtures when measured by Shore 
Durometers, types A and D. The type A Durometer is conventionally used for 





Fic. 7.—-Relative Stiffness of Pliolite-Rubber Mixtures. 


measuring the hardness of rubber stocks, while the type D Durometer is for 
hard rubber or plastics. Type A was capable of reading only the first two 
ranges of the Pliolite-rubber mixtures, and a marked increase in hardness was 
noticeable. On the type D curve, increasing additions of Pliolite to rubber 
gave increasing hardness; these data seem to line up in the same relative order 
that measurements on shear resistance would show. 

In Figure 8 Grasselli abrasions on Pliolite-rubber mixtures are also plotted. 
A mixture of 20 Pliolite-SO rubber gives a much lower loss per horsepower-hour 
than the all-rubber stock, and these values flatten off as the Pliolite content is 
increased. 

Some interest has been evidenced in mixtures of Pliolite and deproteinized 
rubber for electrical insulation. A tensile strength curve over a range with 
deproteinized rubber is shown in Figure 9, as well as the modulus and elongation 
at break and the water absorption of these mixtures. 
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PLIOLITE WITH SYNTHETIC ELASTOMERS 


Pliolite was compared as a component mixed with synthetic elastomers. For 
this work Neoprene, Thiokol, Vistanex, and Chemigum were used, and the ratios 
tried are shown in Figure 10. These data indicate, but do not show, that higher 
tensile strengths are obtained from Neoprene, Thiokol, and Chemigum mix- 
tures if the stock is cured, whereas curing has no particular effect on the tensile 
strength of Vistanex mixtures. The usual stiffening and increased resistance to 
cutting is obtained in these stocks as well as in rubber. 


%PLIOLITE O 1 20 30 4 SO 60 70 0 
%o RUBBER 100 90 80 70 60 50 40 30 20 
Fig. 8. 
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WATER ABSORPTION CURVE 
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COMMERCIAL USES OF PLIOLITE-RUBBER MIXTURES 


The so-called synthetic balata mix D-30-T14 for high Pliolite-low rubber ratio 
is used widely as a golf ball cover stock; it is employed as a basic ingredient, 
and more balata or rubber is added as required. The resiliency of such mix- 
tures—for example, when tried in driving tests on golf balls covered with this 
stock—is somewhat greater than the resiliency of balata, and a tough noncutting 
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cover stock can be obtained. Another use is the field of moulding protective 
helmets, which have high impact resistance and are quite light. Still another 
application is in moulded goods which need to be stiff, light, and shock-resistant. 

Other uses of Pliolite-rubber mixtures have been made in the field of coated 
fabrics; Pliolite has been utilized in the dough for coating various types of 
fabrics to make a nontacky, abrasion-resistant, glossy coating which embosses 
sharply and performs exceptionally well in usage. Fabrics for quarter linings, 
raincoats, golf jackets, and other sportswear are on the market with these 
mixtures. The Pliolite content of such mixtures generally ranges from 10 io 
25 per cent. The rubber is taken care of by the usual vulcanizing, and the 
methods of making the dough are of two types. In the first application, the 
Pliolite resin powder is cut in a solvent, and this solution is blended with the 
necessary rubber cement which has the compounding and curing ingredients 
added to it. The second method is to cut the 50-50 Pliolite-rubber master batch 
29902H in a solvent along with the rubber and make up the dough in one 
operation. 

Another growing field for Pliolite-rubber mixtures is in the field of wire insula- 
tion. It has been found that Pliolite functions as a stiffening ingredient of 
excellent dielectric properties, and such mixtures are highly adaptable for the 
extrusion of thin-wall insulation. It has always been a problem with the wire 
industry to get conventional rubber insulating compounds to a gauge thickness 
which can be maintained when the gauge is thin. The addition of 10 to 25 per cent 
of Pliolite as a 50-50 rubber-Pliolite nonproductive to a correctly formulated 
insulating compound practically overcomes all tubing difficulty, and makes it 
possible to run this insulation at high speed. It also gives a compound which 
possesses excellent insulating values; further, such a material meets the under- 
writers’ specification as a pure gum compound. These compounds have been 
found to give insulation resistance in excess of 10,000 megohms per 1000 feet 
of wire at 15.5° C, (59.9° F), power factors of less than 0.8 after immersion for 
one week in water at 70° C (158° F), and maximum dielectric constant of 2.65. 
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The effects of shape and surface conditions of rubber used in compression have 
remained somewhat. of a mystery because of the apparently conflicting results 
often obtained. It is to be hoped that the work herein described will: (1) explain 
some of the difficulties encountered; (2) establish a simple and reasonably accu- 
rate procedure for predetermining the compression stress-strain performance 
of many of the commonly used shapes, and (3) encourage an extension of this 
work to include more complicated shapes, and to provide further refinement of 
the results. 

Compression uses of rubber doubtless far exceed in number the shear and 
tension uses for industrial applications, and warrant much work in determining 
the relationships involved, at least to the extent of establishing empirical rules 
of sufficient scope and accuracy for practical use. 

The erratic nature of compression-test results has made it difficult to correlate 
data reported in the technical articles on this subject. It is herein indicated 
that much of this difficulty may be explained by the condition of the surfaces, 
the manner of applying the load, discrepancies in hardness measurements, varia- 
tions in the actual stiffness of the rubber used, and the fact that the stress-strain 
graph is not a straight line. 


SURFACE CONDITIONS 


When rubber is compressed between plates, it has a tendency to move out- 
wardly from the center of the contact area. This movement may be resisted 
completely at the pressure plate surfaces by bonding the rubber to the metal; 
it may be resisted almost completely with roughened surfaces; or it may be 
resisted practically not at ali if a very little lubricant, such as petrolatum, is 
applied to the surfaces. If the lateral movement at the pressure plates is re- 
stricted more in one case than in another, a difference in stiffness may be indi- 
cated, whereas no actual difference exists in the rubber itself. 

Figure 1 illustrates the effect. of surface conditions. These tests were made 
on a single piece of rubber under various conditions: (A) fully bonded to metal 
by brass plate adhesion; (B) cut from the metal and held with sandpaper; 
(C) a clean, tacky rubber surface against polished steel plates; (D) lightly 
dusted with sulfur to simulate a bloomed condition and tested with average 
finished plates; (#) dusted with tale; (F’) rubbed with graphite, and (@) lubri- 
eated with petrolatum. The last three were made with polished steel plates. 
With so large a difference in stress-strain test results definitely attributable to 
surface lubrication or the lack of it, it is reasonable to conclude that accidental 
partial lubrication, such as dust, bloom, wax, or grease, and the degree of rough- 
ness of the pressure plates will explain some of the erratic results when sufficient 
care has not been taken to eliminate these variables. 


* Reprinted from the ASTM Bulletin, No. 106, October 1940, pages 9-14. This paper was pre- 
sented at the meeting of the A. 8S. T. M. Committee D-11 on Rubber Products, Atlantic City, N. J., 
June 28, 1940. 
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Fic. 1.—Effect of surface conditions on compression deflection of rubber. 


LOAD APPLICATION 


The speed of load application seems to make little difference in the ordinary 
testing machine speed ranges, which are usually 4} to 2 inches per minute. 
Rapidly repetitional loading or impact loading usually causes an increase in 
apparent stiffness, which varies with the speed of impact or frequency of vibra- 
tion. This paper is confined to so-called “static” or very slow speed test-machine 
results. Even in static tests, it is important not to draw precise conclusions 
from the first application of the load. About ten applications are needed to 
reach a reasonably constant value, but the purpose is well served ordinarily 
when three load applications are used. The work herein reported, except where 
otherwise noted, shows the results of the third application of load. 


STIFFNESS AND HARDNESS MEASUREMENTS 


Considerable confusion has resulted from terminology. Hardness is properly 
defined either as the relative ability of one material to seratch the surface of 
another, or as the relative resistance to surface indentation. Neither of these 
concepts meets the need of the engineer who wishes to design a compression 
piece of rubber. The term modulus has been used to express the relative resistance 
of rubber pieces to deformation, but this term is not completely satisfactory 
because of the curvature of the stress-strain graph. Rigidity would be acceptable 
if it were not so closely identified with shear stress as in the term, modulus 
of rigidity. 
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Brown! has recently advocated the term “stiffness”, which appears to be best 
qualified to indicate the resistance to deformation of a piece of rubber under 
compression loads. Brown has also discussed the fact that compression itself 
is hardly a correct term, but it is commonly used and understood in the sense 
employed herein. 

The only measurement of the resistance of rubber to deformation that, at 
present, even approaches a universal language is the Shore Durometer scale of 
hardness, and much of the reported data is based on such measurements. How- 
ever, both the instruments and the manner of their use have been very inaccurate. 

It is very common to find a lack of agreement of as much as 5 points on the 
same piece of rubber by various persons using different Durometers. Unfor- 
tunately a standard method of calibration of these instruments and a standard 
method of use? have not been developed. A point apparently ignored in dis- 
cussions of Shore hardness measurements is that a 5-point variation is equivalent 
to 15 or 20 per cent in actual stiffness as measured in a compression-deflection 
test. When it is considered that larger diagreements than 5 points are not rare 
(at times as high as 10 or 12 points), the effect on comparisons of compression 
tests and the difficulty of meeting the users’ requirements are easily seen. 

In no way does this statement discredit the value of the Durometer to the 
rubber industry. A standardized calibration and improved method of use would 
go far toward eliminating these difficulties. Larrick* presented a very useful 
paper showing that it is entirely practicable to improve the accuracy of 
Durometer measurements. 

On the other hand, it has not been established that. any indentation test could 
give a completely reliable report of the compression characteristics of a piece 
of rubber. Therefore, consideration is now being given to the adoption of standard 
methods of compression-deflection tests designed to supplement all ordinary 
hardness measurements!. Obviously, such a test will not be as convenient as a 
pocket hardness instrument, and a small portable device will doubtless continue 
to be used for rough checking. 

Wherever in this paper Durometer readings are cited, the present general 
lack of precision of such measurements should be remembered. Figures 2 and 3 
show that the degree of correlation between Durometer hardness and compression- 
deflection is not better than 20 per cent plus or minus from the mean. The 
tests in Figure 2 were conducted by Technical Committee A on Automotive 
Rubber of the Society’s Committee D-11 on Rubber Products in eight labora- 
tories and on eight compounds, each point being the average of three tests. 
Figure 3 shows similar data taken in the Goodyear laboratories on our own 
compounds with samples twice as thick. 


VARIATIONS DUE TO CURE 


The well-known heat insuiating qualities of rubber occasion much difficulty 
in obtaining uniform vulcanization throughout thick pieces. Usually 2-inch 
thickness is considered the commercial maximum, although thicker pieces are 
successfully cured by long, carefully controlled step cures. The actual stiffness 
varies considerably with the cure, and cures are selected to obtain optimum 
values of the characteristics most important in use. 

Thus, where low compression-set is important, longer cures are ordinarily 
used than where maximum tensile strength and stretch are the most important 
properties. 
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Fic. 2.—Comparison of Durometer and compression deflection measurements. 


Tests conducted by Technical Committee A of Committee D-11. 
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Fic. 3.—Comparison of Durometer and compression deflection measurements. 


Tests made in the Goodyear Laboratory, and with a wider range of stiffness than in Figure 2. 


STRESS-STRAIN CURVES 


The fact that stress is not proportional to strain in rubber causes much 
difficulty of a type that is absent completely with materials like steel. It is 
common practice to assume that the graph is a straight line up to 20-25 per 
cent, and in many cases this introduces no large error. In thin wide pieces the 
limits within which this approximation is permissible may be much below 20 
per cent deflection. Figures 1, 4, and 5 show the curvature of typical compression 
stress-strain curves. 











' 











eae 


"SREB 


RUBBER IN COMPRESSION 411 


COMPRESSION OF SIMILAR SHAPED PIECES 


It should be considered axiomatic that similarly shaped pieces will give the 
same percentage deflection with equal unit compression loads. When this rule 
does not hold in actual test, it is likely that one of the difficulties explained 


above has caused the discrepancy. To check this, with such causes of error 


eliminated as far as practicable, 43-inch thick slabs of rubber of 40 Shore 
Durometer hardness were cut into pieces that permitted the assembly of 4, 1, 2, 


and 4-inch cubes. Figure 4 shows that a range of 1 to 8 in linear dimensions 
of the cubes, or a range of 1 to 512 in volume, did not cause any deviation from 
this rule. It was further confirmed, by testing a series of discs assembled from 
a 4-inch thick slab of compound of 65 Shore Durometer hardness, with results 
as shown in Figure 5. In these tests, the joints do not gap open, are obviously 
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Fic. 4.—Compression tests of several sizes of cubes prepared from one slab of rubber } inch thick, 
having a Shore Duromcter hardness of 40. 


Note that these tests prove that similar pieces of one compound, uniformly cured, require the same 
unit load to give equal percentage deflections. 


under compression, and therefore do not affect the results. This rule of pro- 
portionality pertaining to similar shaped pieces permits accurate conclusions 
from scale models if cure variations are allowed for. 


SHAPE FACTORS 


Inasmuch as published empirical rules for shape-factor corrections did not seem 
to be accurate, we approached the problem with an attempt to group various 
shapes into classifications, each one of which would have its own shape factor. 
Thus, we intended to allow for the shape, and intended to use the rule of pro- 
portionality for the size of the piece in question. Early trials showed the same 
type of discrepancies within any such group, but with an improvement in testing 
technique we began to obtain satisfactory results, or at least reasonable explana- 
tions for the deviations. 

Square slabs, cubes, and square columns were considered as one classification 
of shapes, and the ratio of width to height was used as a shape factor for this 
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group. Figure 6 shows such an experimental curve. Discs or cylinders were 
similarly studied as another shape classification represented in Figure 7, where 
the relative resistances to compression is plotted as a function of the ratio of 
the diameter to the height. 

Figures 6 and 7 also show results of tests on the same pieces, using petrolatum 
and polished steel plates. From these tests, we may conclude that: (1) shape 
within the limits studied makes no difference in unit compression load for a 
given percentage deflection when the surfaces are thoroughly lubricated; (2) 
complete restriction to lateral motion at the loading plates greatly stiffens the 
piece when the ratio of width to height is large; (3) as the relative thickness or 
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Compression-deflection tests of similar discs or cylinders. Shore Durometer hardness=65. 





Fig. 5. 


height increases, the surface condition becomes less important and with low 
shape factors the effect almost disappears; (4) the restricted and lubricated 
curves extended toward the load axis must become tangent to each other and 
must intercept the load axis at this tangent point (obviously a shape factor 
of zero cannot be had but the zero point is useful in defining the curves and 
assisting in fully comprehending the effect of shape), and (5) any partial lubrica- 
tion would result in a curve lying between these two lines as limits. 

This approach promised success, but indicated the need of much tedious 
testing to obtain separate empirical rules for all common shapes. We were then 
led to reconsider the rule set forth by Keys® in 1937, in which he used the ratio 
of one loaded area to the free area at the sides as a shape factor. In his paper, 
he states that he applied this rule mainly to square slabs and cubes, but found 
some measure of success with other shapes. Later Hirshfeld and Piron® wrote 
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Fic. 6.—Compression-deflection tests of square slabs having a Shore Durometer hardness of 40, 


Fig. 


referred to ratio of width to height. Slabs are included in Figure 9. 
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that Keys’ shape-factor method has serious limitations. Our subsequent work, 
however, indicates that this type of skape factor is the most satisfactory yet 
proposed and that the limitations cited by Hirshfeld and Piron are not neces- 
sarily as serious an objection as indicated by them. 

Applying this rule to cubes, square slabs, and columns, with width a and 
height t, we have for S as a shape factor: 


_ @ a 
| ee a 
Similarly for discs or cylinders of diameter d and height ¢t, we have 
_ md d 
" 4ndt~  4t 


Note that these values of S are merely one-fourth the factors previously used 
in our work. Therefore, the shape factors S are identical in effect with those 
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Fic. 8.—Compression-deflection tests made in 1984 and 1935. 


used by us in Figures 6 and 7. Now ifthe ratio of load area to free area can 
be proved to meet the requirements of any shape having parallel loading faces 
and sides normal to the faces, it will be very useful indeed. 

When we tried to apply this rule to a number of unpublished tests made by 
our company in 1934 and 1935, it was thought not to apply very well. Figure 8 
shows some of this work in relation to the ratio of load areas to free areas. 
Such erratic results have been typical of most of the compression-deflection 
tests reported in the literature. The reasons for some of the deviations are now 
understood. At the time of the earlier work, no unusual precautions as to sur- 
face conditions were known to be needed. The readings were usually taken on 
the first applications of the loads. Obviously, the actual inherent stiffness of the 
rubber itself was not constant for all the samples in Figure 8. Note, however, 
that the upper and lower curves (extended from Figure 14) reasonably well 
denote the limits. 

The data in Figures 6 and 7 have been repeated in Figures 10 and 11, with 
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of 40. Data of Figure 6 are included. 
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some additional tests, and plotted in relation to the ratio of load area to free 
area. Data on hollow squares, rectangles, and a perforated slab are included. 

It was thought advisable to check the results on squares and strips, as reported 
by Hirshfeld and Piron*. They showed that a piece of the proportions of 1 by 
1 by 0.125 was approximately 50 per cent stiffer than a piece of the same com- 
pound of the proportions 1 by 10 by 0.227, both pieces having a shape factor 
of 2.00. They used compounds of 30 and 60 Shore Durometer hardness. Our 
first trials checked this degree of difference closely, but we subsequently measured 
the inherent stiffness of the rubber by making petrolatum tests which virtually 
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Fic. 11.—Shape factor applied to various pieces cut from one slab having a Shore Durometer hardness 
of 65. Data of Figures 5 and 7 are included. Samples not otherwise indicated are cylinders. 


eliminated the effect of shape factors of this magnitude. This revealed con- 
siderably greater inherent stiffness in the small thin samples. When this was 
allowed for on the later tests, the small samples were 25 and 29 per cent stiffer, 
respectively, for compounds of 35 and 60 Shore Durometer-hardness stocks than 
the strips. We further checked this with new samples made from a single 
4-inch sheet of each of the two stocks, laminating the cured stocks to get 4-inch 
samples, and we cut them 1.11 inches wide to restore the 2.00 factor. Figure 12 
shows the results. It seems definite that the thin pieces are 25 to 30 per cent 
stiffer when all experimental error is eliminated. In view of the many other 
variables still inadequately controlled, and lacking a better shape factor, a dis- 
crepancy of this size in a relatively few cases should not deter us from the use 
of this factor. 
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Fic, 12.—-Showing the extent of deviation in the case of relatively long, thin strips. 


OTHER SHAPE FACTOR FORMULAS 


Brown in the paper previously referred to? proposed the use of the ratio of 
the sum of the two loaded faces to the entire surface of the piece as a shape 
factor. Brown’s method is rather closely related to Keys’ method, so closely 
that, is the ratio of load to side areas is considered to have limitations, the Brown 
method has precisely the same limitations. Where x is one loaded area, y the 
total side area, and S the shape factor for the ratio of load area to free area: 


oil 
y 
Brown's formula similarly treated gives: 
shape factor=~— ' 
shape fac iat ore = 3765 
Therefore, when two pieces have identical shape factors by the one method, 
they also have identical shape factors by the other, and to whatever extent the 
Hirshfeld and Piron comment applies in the one case, it will be equally ap- 
plicable in the other. For instance, any shape having a ratio of one load area 
to the free area equal to 2.00 will have a ratio of both loaded areas to the total 
area equal to 0.80. This is limited to pieces having parallel, flat loading faces, 
but neither rule is applicable to shapes outside this restriction. 
The loaded area over free area shape factor is somewhat easier to use, and 
provides more accuracy for high shape factors, where Brown’s value approaches 
unity as a maximum. 


6 
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SHAPE FACTOR CHARTS 

Figures 13 and 14 show in convenient form the data on compression-deflection 
for various hardnesses and various shapes for 10 and 20 per cent deflection, 
using the ratios of load area to free area as the shape factors. These figures 
are based on the elimination of slipping at the loading faces. They will, there- 
fore, apply to bonded pieces and to any unbonded pieces which can be protected 
from slipping. 
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Fic. 13.—Loads for 10 per cent deflection for various hardnesses and Shape factors. Based on 
elimination of slipping at the load faces. Temperature 70° to 90° F. 


LIMITATIONS 


1. This shape factor is limited to pieces having parallel loading faces and sides 
normal to these faces. 

2. Narrow, thin strips will be somewhat softer than shown by Figures 13 and 
14, but all other shapes studied (within the limits of the previous paragraph) 
conform closely to these curves. 

3. Obviously a compression piece must be kept within the limits of stability. 
Ordinarily a piece should not be thicker than its least width, but some cases 
where the percentage of compression is not high have been successful where the 
thickness is twice the least width. 

4, Pieces with perforations must have the holes uniformly distributed over 
the whole area. If a piece with non-uniform perforation were required, it 
would be necessary to consider it as several pieces, calculating each one and 
assembling the data. 
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5. For large shape factors the surface becomes increasingly important. Acci- 
dental lubrication in service may interfere with correct compression values. 
Bonding the rubber to metal plates is usually the best and often the only solu- 
tion where large shape factors are needed. In this connection any slippage on 
the metal plates of pieces not bonded may result in abrasion of the rubber. 
Keeping the shape factor low is usually good practice, but shape factors below 
(0.25 may permit buckling. Therefore, the usual practical range of shape factors, 
as here defined, is from 0.25 to 1.0. 

6. We have assumed, without experimental data, that, with tapered or conical 
sections, the shape factor can be approximated by taking the ratio of the average 
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Fic. 14.—Loads for 20 per cent deflection for various hardnesses and shape factors. Based on 
elimination of slipping at the load faces. Temperature 70° to 90° F. 


of the two loading faces to the total free area. Cylinders loaded on their sides, 
spheres, and rings loaded radially have not been checked. Irregular shapes, 
including those in which a progressively larger area contacts the loading plates 
and those to be used with curved or warped loading plates are usually solved 
only by trial and error. However, even in these cases, a rough approximation 
from these charts may be useful. 

7. The individual tests were made with a good degree of precision, but, when 
results are assembled in relation to Durometer hardness, this degree of precision 
is not retained. 

8. While for the above reasons it continues to be necessary to check results 
in actual use, the charts will be found satisfactory for preliminary designs. 

With the forthcoming improvements in stiffness and hardness measurement 
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technique, it should be possible to refine the accuracy of these charts. In any 
event, it would seem that the method of presentation in this paper should be 
applicable to further work on the subject. 
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HYSTERESIS TESTS ON TIRE 
COMPOUNDS * 


J. G. Mackay, J. G. ANpERsoNn, and E. R. GARDNER 
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The power consumption or rolling resistance of a tire is a measure of the 
rate at which it generates heat, since the power absorbed by the tire appears in 
this form. Following the construction of high-speed motor roads in several 
European countries came the realization that tires running on these roads would 
develop extremely high temperatures. As these temperatures were likely to 
detract from tire performance, and would represent considerable dissipation of 
energy furnished by the power unit of the vehicle, a number of investigators 
have used test-wheels in the laboratory! and test cars on the road? to evalu- 
ate the power consumption of tires of different constructions under different run- 
ning conditions. As, however, the high hysteresis of tread rubber makes a con- 
siderable contribution to the total power loss of a tire, it is equally necessary to 
evaluate factors influencing the generation of heat by tread compounds when 
subjected to cycles of compression and decompression. Laboratory machines 
for this purpose have been described by Martens*, Vogt*, Abbott®, Depew and 
Snyder®, and Havenhill and MacBride’, but for this part of a study of power 
loss, the present authors have used the Goodrich flexometer first described by 
Lessig’. 

The reasons governing this choice were as follows. (1) The construction 
of the machine is simple. (2) The conditions of flexure are simple—compression 
without shear—and need not necessarily be severe, in consequence of which 
it is possible to measure the temperature rise at equilibrium without fear of 
blow-out. If desired, however, the machine can be adjusted to operate severely 
and produce blow-out. Under all conditions it is possible to measure the tem- 
perature of the sample throughout the test. (3) The test-pieces are small enough 
to be cut from manufactured articles, and their shape and size permit moulded 
test-pieces to be evenly vulcanized throughout. (4) Test-pieces may be made 
from rubber-fabric compositions. (5) It is possible to measure the fully com- 
pressed height regularly throughout the time of flexure and thus to record 
changes in the dynamic elastic properties of the sample due to flexing. (6) Tests 
can be carried out under conditions of constant load or constant deformation. 

The construction of the machine has been fully described in the original 
paper of Lessig’. 


STANDARDIZATION OF THE METHOD OF TESTING 


Time of flexing—lIt was found that, with a sample of a normal tread stock, 
the temperature reached a steady state after about 30 minutes’ flexing, pro- 
vided that the flexing conditions were not too severe. This is due to an equi- 
librium being established, further heat evolved by flexing being equalized by 
loss of heat of the sample to the surroundings. If the flexing conditions were 
sufficiently severe, a blow-out occurred, owing to thermal decomposition of 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 16, No. 38, 
pages 128-137, October 1940, 
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the rubber in the interior of the sample. Consequently in temperature rise 
experiments, as distinct from blow-out tests, samples were flexed for 30 minutes, 
and the temperature rise at the base of the sample after this period was measured. 
The static compression, the dynamic compression at the beginning and end of 
the run and the permanent set one hour after flexing also were measured. 

Method of preparing the test-piece—To determine whether the method of 
preparing the samples influenced the tendency of the stock to generate heat, 
parallel experiments were performed, using two methods of preparation. The 
two methods were as follows. 

(a) Some uncured tread stock was sheeted out and plied up when cold to a 
thickness greater than one inch, the plies being treated with naphtha. A cylindri- 
cal sample was bored from the sheet, and cured in a cylindrical mould 1 inch 
high x 0.7 inch diameter. 

(b) The stock was sheeted out in a similar manner, built up while warm, 
and then rolled. The curing was carried out as above. 








TABLE I 
Method (a) Method (b) 

Time of flexing Temperature Temperature Temperature Temperature 
(min. ) of sample °F rise °F of sample °F rise °F 
0 66.0 0.0 64.0 0.0 
5 129.0 63.0 127.5 63.5 
10 149.5 83.5 148.0 84.0 
15 160.0 94.0 157.5 93.5 
20 165.0 99.0 162.5 98.5 
25 167.0 101.0 167.5 10.3 
30 170.0 104.0 170.0 106.0 


Samples were cured for 30 minutes at 274° F, and flexed under the following 
conditions. 


SN NUDEIDCD AONE aa: ship aw kvawceneassied oer 1450 cycles per min. 
IIR Ce ac icchen oon Maan couaw awe esa kene nin 150 Ibs. per sq. in. 
Le SS ees ee eae er aS 0.300 inch 


These conditions were not sufficiently severe to cause a blowout. The tem- 
perature at the base of the samples and the rise above room temperature are 
given in Table I. 

It is evident that there was no appreciable difference in the tendency of the 
two samples to generate heat. On the other hand, it was found that the method 
of preparation of the samples had a distinct effect on the resistance of the stock 
to blow-out. Thus samples prepared as above were cured for 45 minutes at 
274° F, and run to destruction by increasing the stroke from 0.3 to 0.4 inch, 
the other conditions remaining as before. The sample prepared according to 
method (a) blew out in 14.5 minutes at a temperature of 173° F, whereas that 
prepared by method (0b) lasted 16 minutes, blowing out at a temperature of 
213.5° F. This demonstrates that method (a) is unsuitable for blow-out tests, 
as lamination is likely to occur under the extreme flexing conditions to which 
the samples are subjected. Throughout the work described below, method (b) 
was used. 

As shown by the results given above, and also by those of other experiments 
not quoted here, the apparatus is capable of giving temperature rise data which 
are reproducible to within +1° F. 
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Effect of length of flexing stroke——To determine the effect of the length of the 
stroke, samples of a tread stock were cured for 30, 45, 60, 90 and 120 minutes at 
274° F,; and run on the flexometer. The samples were subjected to a load of 
150 lbs. per sq. in., the frequency of flexing was 1450 cycles per minute, and the 
stroke varied from 0.1 to 0.4 inch. The static compression, initial and final 
dynamic compressions, and permanent set are expressed as percentages of the 
original height (1 inch) of the sample in Table II. 

It is evident from the results shown in Table II that there is an optimum cure 
at which the rise in temperature is least, cures shorter or longer than this opti- 
mum giving rise to greater increases in temperature. At the shortest length of 
stroke used, the differences due to cure are not noticeable, but as the length 
of stroke increases, the effect of cure becomes more marked. With regard to 


Tas_e II 
Initial Final Tempera- 
Cure at Static com- dynamic dynamic Permanent ture rise in 
Stroke 274° F pression compression compression set °F i 
(in.) (min.) (per cent) (per cent) (per cent) (per cent) 47 380 min. 
0.100 30 26.2 23.0 23.8 1.6 18 
45 23.3 19.7 20.0 12 16.5 
60 219 17.0 17.3 2.0 18.0 
90 20.1 15.9 16.5 2.0 16.5 
120 20.0 15.2 15.7 16 17.0 
0.200 30 27.3 17.8 20.8 5.6 59.0 
45 22.9 13.1 13.9 28 49.0 
60 20.7 11.4 11.7 2.5 440 
90 19.3 10.0 99 2.0 44.0 
120 19.0 9.5 9.5 19 45.5 
0.300 30 27.2 11.4 20.8 11.6 104.0 
45 22.7 79 12.4 9.4 85.0 
60 20.4 §.5 8.8 (gi! 80.0 
90 19.7 4.2 7.1 5.5 76.0 
120 19.7 4.1 6.5 5.5 78.0 
0.400 30 26.5 4.5 Blow-out 
45 23.0 13 Blow-out 
60 212 — Blow-out 


permanent set, the differences between the various cures are within the experi- 
mental error with the 0.1 inch stroke. On increasing the stroke to 0.2 inch, 
however, differences due to cure become apparent, and these differences are 
intensified by a further increase in stroke. The permanent set decreases as 
the cure is lengthened, and appears to approach a constant value. The dynamic 
compression decreases as the cure is increased, and this change is more pro- 
nounced with longer strokes. 

Effect of load—The effect of varying the load was then examined (see 
Table III). 

The frequency was fixed at 1450 cycles per minute and the stroke at 0.2 inch, 
and the load was varied from 90 to 210 pounds. As in the case of variation of 
stroke, increasing the load intensifies the variations in temperature rise and 
permanent set which are due to cure. 

Effect of frequency of flexing—A similar investigation was carried out to find 
the effect of varying the frequency of flexing. The stroke was 0.3 inch and the 
load 150 lbs. per sq. in.; the frequency was varied from 685 to 1450 cycles per 
minute. The results are shown in Table IV. 
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As would be expected, for any given cure the temperature rise and permanent 
set are increased with increase in frequency, but reducing the frequency will not, 
smooth out differences due to cures in the same way as would reduction in load 
and stroke. In fact the reduction in frequency from 1450 to 830 appears to 


Load 
(Ibs. ) 


90 


150 


Frequency 
(cycles 
per min.) 


685 


830 


1170 


1450 


Cure at 
274° F 
(min.) 
30 
45 
60 
90 
120 
30 
45 
60 
90 
120 
30 
45 
60 
90 
120 


Cure at 
274° F 
(min.) 


30 


120 
30 
45 


Statice com- 
pression 


(per cent) 


15.8 
13.6 
11.6 
11.6 
10.4 
27.3 
22.9 
20.7 
19.3 
19.0 


36.5 
53 Ba) 
29.8 
26.9 
26.3 


Static com- 
pression 
(per cent) 


27.3 
24.5 
21.6 
19.9 
20.3 


28.3 
24.3 
23.0 
21.1 
20.35 
27.3 
24.7 
22.1 


metoit ty 
oosons S 
NBA Oo 


Taste III 


Initial 
dynamic 
compression 
(per cent) 
6.2 
3.5 
2.2 
1.7 
0.9 


Some 
Sane 2) 


TasLe IV 


Initial 
dynamic 
compression 
(per cent) 


— 
—_ 
bo 


STOUNT QOS HR OTNT OO 
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Final 
dynamic 
compression 
(per cent) 
79 
4.0 
2.6 
13 
0.7 


20.8 
13.9 
11.7 

99 

9.5 
32.0 
24.0 
21.6 


18.7 


Final 
dynamic 
compression 
(per cent) 


Tempera- 


Permanent ture rise in 


se F in 
(per cent) 30 min, 
28 410 
2.4 38.0 
20 39.0 
16 38.0 
2.0 40.5 
5.6 59.0 
28 49.0 
2.5 44.0 
2.0 440 
19 45.5 
10.5 71.0 
48 60.0 
44 54.5 
3.0 53.0 
3.0 55.0 


Tempera- 


Permanent ture rise i 


set °F in 
(per cent) 30 min. 
6.2 54.5 
4.2 51.5 
3.4 46.0 
28 47.0 
— 49.5 
11.6 78.5 
5.0 62.5 
3.4 55.0 
3.6 50.5 
3.2 59.0 
13.6 93.0 
8.2 72.0 
5.2 66.0 
4.2 64.5 
—- 73.0 
11.6 104.0 
9.4 85.0 
cA 80.0 
55 76.0 
5.5 78.0 


intensify the differences due to cure. Further reduction to a frequency of 685 
then reduces the relative differences due to cure. 

Standard conditions for testing tread stocks—With a normal tread stock 
accelerated with mercaptobenzothiazole, there is an optimum cure for least 
temperature rise, but over the range 60 minutes to 120 minutes at 274° F cure 
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has little effect. Tread stocks are therefore tested in this range of cures. A 
convenient temperature rise is obtained when a tread stock is tested under the 
following set of conditions, which were applied throughout the investigations 
described in the subsequent pages. 


LI ee PoE Gh ay 1450 cycles per min. 
ASTANA soon fuss Gstsee ip caro stators vs ata rareia ale ake olor ovsvsiecacslans 150 Ibs. per sq. in. 
PASSED castes seidscsc nce rata ants oreallgre os shana Suatbildy ot crasarwocta Giaia de 0.300 inch 


CORRELATION OF GOODRICH FLEXOMETER WITH WHEEL AND 
ROAD TESTS 

It was then necessary to find whether the results obtained by the standard 
test method could be correlated with those obtained on tires under actual run- 
ning conditions. Three experiments were therefore made with this purpose in 
view. 

Experiment 1—A 5.00/19 tire was built with its tread made up of two dif- 
ferent qualities. One-half of the tread circumference was made with a stock 
containing 42.5 parts of carbon black per 100 parts of rubber; the other half 
with a similar stock only containing 47.5 parts of black. The tire was run on 
an indoor test-wheel at a speed of 30 m.p.h. under a load of 1000 lbs. The test- 


TABLE V 
New accelerator 


M.B.T. stock stock 
MERA So ites ct naa iad Bat ne react ein 167° F 166° F 
SUPA RSS AED g ach vsti: oo wre oaie w Orato hate eieiowsrbin lnc siavs 158° F 157° F 


wheel, which is of. the U. 8. Bureau of Standards type, consists essentially of a 
motor-driven fly-wheel with a flat smooth steel rim, 1/300 mile in circumference. 
The tire under test is fitted on a wheel and axle, and mounted on a sliding 
chair, which can be brought up to the driving wheel. By means of weights 
and a lever arm, any desired load can be transmitted to the tire against the 
wheel. The machine is fitted with two such chairs so that two tires can be 
tested simultaneously. The temperature of the room housing the machine can be 
controlled. Most tests were carried out at 70° F. 

In this test the tire was run for one hour, after which the wheel was stopped, 
and tread temperatures were measured by means of a needle thermocouple in- 
serted into the shoulder of the tire. The high black stock registered 146° F 
against 140° F for the low black stock. 

Samples of the same two tread qualities were cured in the flexometer test- 
piece mould to the same degree as in the actual tire, and tested under standard 
conditions on the flexometer. A temperature increase of 110° F for the high- 
black stock, against 92° F for the low-black stock was recorded. 

Experiment 2.—In the examination of a new accelerator which was said to be 
superior to mercaptobenzothiazole in that it gave tread stocks with higher 
resilience and less tendency to generate heat, tests were made on the Goodrich 
flexometer under several sets of conditions, but no real difference could be ob- 
served between the two accelerators. To confirm these results, six 5.50/17 tires 
were built with two-piece treads, the stocks in the two halves differing only in 
accelerator, one piece containing mercaptobenzothiazole, the other the high 
resilience accelerator. Two of these tires were run on the inside wheel, and 
temperatures measured with a thermocouple are given in Table V. 
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The other four tires were fitted to a 14-H.P. car run for a distance of 38 mues 
at an average speed of 49 m.p.h., and temperatures of the two stocks were 
recorded. These readings are shown in Table VI. 

These tests therefore confirm those obtained on the flexometer. 

Experiment 3.—In the course of a study of carbon blacks in tread stocks it 
was desired to compare the effect on tread separation of an easy-processing 
black and a hard-processing black. Six 6.50/16 tires were therefore made up 
with a tread stock containing the easy processing black and six similar tires with 
a tread stock containing the same proportion of hard-processing black. The 
tires were run on the indoor test-wheel at a speed of 45 m.p.h., at an inflation 
of 30 Ibs. per sq. in., and under a load of 1200 Ibs. The rim of the test-wheel was 
fitted with cleats to increase the work done on the tires. Two tires were run 
simultaneously, the direction of rotation being changed every two hours. The 
tires were removed as soon as tread separation started and mileages to this 
stage are shown in Table VII. 


TaBLe VI 


New accelerator 


Wheel position M.B.T. stock stock 
SOO ertc hs cura oon eis abela caine sib 162° F 160° F 
PER MNTT in sis cuchk eo Sub Sakaki ome uess ESS lat oy 153° F 
DOUNMNNING 8 fa ste Shits ach oa ccuiantaa ew 131° F 131° F 
BERANE cls takcap scabs he bate sewn eee 132° F 132° F 


Tas_e VII 
KEasy-processing black ............... 2040, 1330, 2180, 2410, 945, 1650 


Average mileage 1760. 
Hard-processing black ............... 534, 1680, 1690, 1215, 1136, 825 


Average mileage 1180. 


When tested on the Goodrich Flexometer, the temperature rise of the easy- 


processing black was 7° F below that of the hard processing black. 


APPLICATION OF THE GOODRICH FLEXOMETER TO TIRE 
COMPOUNDING PROBLEMS 


The tendency of any rubber compound to generate heat when work is done 
on it depends on a number of factors. In the following paragraphs examples 
are given to show how the Goodrich flexometer has been used to study the influ- 
ence of methods of processing and certain compounding ingredients on the 
tendency of tread stocks to generate heat. 

Effect of processing—The method of mixing and the subsequent processing 
of a tread stock control the state of dispersion of the carbon black in the rubber, 
and therefore have a considerable influence on the physical properties of that 
stock after vulcanization. The state of dispersion can be improved by pro- 
longed milling, but if this is carried beyond a certain stage the loss in physical 
properties due to shortening of the rubber molecules more than offsets the 
advantages of good dispersion. This is particularly noticeable in the case of 
abrasion resistance. Table VIII gives data obtained on the Goodrich flexometer 
for a tread stock which has received progressive milling. The stock, which con- 
tained 47.5 parts of a hard-processing black per 100 parts of rubber, was mixed 
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in a No. 11 Banbury and given the minimum time of mixing. A sample of this 
batch was then worked on a laboratory mill for a total time of 60 minutes, and 
samples were taken for test on the flexometer at intermediate periods. 

Degree of dispersion was determined by the examination under the micro- 
scope of thin sections cut by means of a microtome, following the procedure of 
Tidmus and Parkinson®. The initial stock was found to be in a bad state of 
dispersion, but after 10 minutes’ milling it appeared to be almost perfect. It is 
interesting to note that, although this improvement in dispersion has been 
brought about, no real change in tendency to heat up can be observed. Further 
milling causes an increase in temperature rise, which presumably is due to exces- 
sive breakdown of the rubber molecule. On the other hand static and dynamic 
compressions increase steadily with the amount of milling. 


TasB.e VIII 


Cure: 90 minutes at 274° F 


Initial Final 
Time of Temperature Static dynamic dynamic Permanent 
milling rise in °F compression compression compression set 
(min. ) in 80 min. (per cent) (per cent) (per cent) (per cent) 
0 73.0 16.6 46 7.9 5.0 
2 76.5 179 58 (ef) 43 
4 80.0 17.3 56 10.8 6.7 
6 74.0 218 9.7 12.6 6.8 
8 77.0 20.4 8.1 10.5 53 
10 79.0 20.4 8.4 11.1 7.0 
12 81.5 20.9 8.4 12.9 6.5 
20 90.5 20.1 8.5 16.3 11.5 
40 102.0 21.3 10.4 23.6 15.7 
60 109.5 22:8 12.5 25.6 16.5 
Cure: 120 minutes at 274° F 
0 77.0 16.8 47 6.2 43 
2 77.0 16.7 4.7 y ee 4.7 
4 75.0 18.5 6.4 8.3 43 
6 770 18.0 58 94 5.5 
8 77.5 18.1 6.1 88 §2 
10 75 18.5 6.9 9.0 46 
12 85.0 19.4 8.1 12.4 7.0 
20 97.0 18.4 75 16.6 10.2 
40 110.0 20.9 10.4 26.5 14.3 
60 112.0 213 10.1 25.1 15.0 


Means of incorporating carbon black in rubber to give good dispersion with- 
out overworking the latter are being continually sought by rubber manufacturers. 
Patents have recently appeared in which it is claimed that tread stocks, mixed 
from carbon black-rubber master batches, which have been given a heat treat- 
ment, show an improvement over normally mixed stocks in resilience and abra- 
sion resistance.!° One set of workers attribute the improvement to a better state 
of dispersion of the black in the final tread stock, and the other to the formation 
of a heterogeneous rubber-carbon black composition. The Goodrich flexometer 
has now been used to study the effect of such heat treatment on the tendency 
of a tread stock to build up heat. 

A master batch of the following composition was mixed in an internal mixer 
for 6 minutes at a temperature of 310° F. 


Parts by weight 
Unmasticated smoked sheet rubber..............cccceccccscceces 58 
NORE UMMRME MING PAO Soho Reo rss cia eae) S05” i LE SeaI) Ghai’a rau stave lati vébands @osiaeice ease 40 
CE NEES REE ECU Sor cove en eR ae en 2 
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After standing 24 hours, the master batch was compounded to form a tread 
stock of the following final composition: 


NRT errd UTNE i coi aS pein d Kwa wad aaa sub eedwasds 100.0 
PaTRGE ETM OM EOS te te oa tre him chm awl Seuee os ee al aware 42.5 
IS REED EO css ieee Cade aS aL aia de cas so WAS NAN OR 5.0 
PRR MAVEREING BR Cea he PNT Se ire ok Ak was Uuen om x Gk WERE 3.0 
AE oo | POR A er ene ie eee deny ene pena renee SOL ee ee 2.0 
RR acl One ki alae eating hh ue aera nea ac aig a 8 wi wile ik 1.25 
CS ee Bets ln niches MEA Sue ee iu some we aus ule 3.0 
RRR RE AMO IEMRIING o0 5os.ok wwe aniiww insane ssGNcnwewn 0.625 


A stock of the same composition was also mixed by the normal method, 
starting from premasticated rubber, and adding the black and other ingredients 
in one operation. 


Taste IX 


Temperature rise in °F in 30 min. 





Cure at 274° F ‘Untreated Heat-treated 
MMIII cL cick FE Eee eS Cee mes ORIGCRER ERIS ES 70 64 
PMY Sone re OE Ce Lace eah cee LEEK asiees 72 62 
SMM <n he iScinc make Meee MEAS O EUAN Lee eS ee 65 62 


TABLE X 


Parts of Initial Final 
black per Static dynamic dynamic Permanent Temperature 
100 of compression compression compression set rise °F in 
rubber (per cent) (per cent) (per cent) (per cent) 30 min, 
20 34.7 17.3 18.0 5.6 62 
30 28.9 12.1 13.6 5.6 66 
35 27.2 10.7 13.5 6.8 73 
40 27.2 9.9 17.9 12.2 92 
45 20.7 6.1 28.2 20.8 127 
50 19.4 48 Blow-out in 30 min. 


The results obtained when these two stocks were compared on the Goodrich 
flexometer are given in Table LX, from which it will be observed that a definite 
improvement is obtained by heat treatment. 

Effect of carbon black —The use of the Goodrich flexometer for studying the 
effect of amount and type of carbon black on the heat build-up properties of 
rubber compounds has already been reported*: !!. Some experimental data is pre- 
sented here which confirms and enlarges on this earlier work. 

Figures obtained on the flexcmeter for stocks with increasing amounts of 
carbon black are shown in Table X. 

It will be observed that, above 35 parts of black per 100 parts of rubber, the 
heat developed increases rapidly for small increases in the amount of black. 

Channel blacks vary considerably in their influence on the properties of tread 
stocks. In the course of a comparison of six different gas blacks, data correlat- 
ing ease of processing with tendency to heat up in service were obtained for each 
black in the same basic tread compound. The temperature of each stock during 
the forcing of treads and the surface appearance of the extruded tread were 
taken as measures of the ease of processing. Samples from the extruded treads 
were cured and tested on the Goodrich flexometer. Table XI gives the figures 
obtained in this test. 
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A, C, D and F are fairly easy processing blacks, B is a black that is verv 
difficult to process, and E is very easy-processing. State of dispersion is generally 
directly proportional to the ease of processing, but C is found to be an exception. 
Rises in temperature recorded on the Goodrich flexometer follow the ease of 
processing, and A, C, D and F lie intermediate between B and E. 

Effect of variation in sulfur and accelerator content—Table XII shows the 
effect of changing from a normal sulfur-accelerator tread stock to a low-sulfur 
high-accelerator stock. Stress-strain and T-50 data proved that the differences 
in rate of curing of the stocks were only small and not sufficient to affect the 
results on the flexometer. 


TABLE XI 


Temperature 
Temperature rise in °F 

Carbon at extruder Surface on Goodrich State of 
black c condition flexometer dispersion 

A 237 Fairly smooth 92 Good 

B 240 Rough 107 Bad 

C 233 Fairly smooth 94 Bad 

D 235 Fairly smooth 92 Moderate 

E 230 Very smooth 81 Very good 

F 233 Fairly smooth 87 Moderate 

TABLE XII 
A B C D 

Smoked sheet rubber............ 100.0 100.0 100.0 100.0 
LOFT rc TL) CYC) aaa ee oA tree 47.5 47.5 47.5 47.5 
PANS AG oahe eocinaits e wrowiasnoa Shae 5.0 5.0 50 5.0 
PA VT ONE. 5 cic oisis owe saGieeaaes 4.0 40 40 40 
PUENTE UNG co era oie siesaserene oroeueiaeeere 2.0 2.0 2.0 2.0 
PVMIORIGOIG 6.6 6.0ceecccscs «aesiews 1.25 1.25 1.25 1.25 
Mercaptobenzothiazole ......... 0.75 0.9 1.1 £25 
POMMEAN hoa sai yd Haercwr nee eid reels 3.0 28 2.6 2.5 
Cure: 90 minutes at 274° F 
Temperature rise in °F in 30 min. 113.0 109.0 107.0 104.0 
Static compression (per cent).... 14.6 15.5 146 . 15.6 
Initial dynamic compression (per 

MR nO ones eal egret iene’ 5 1.3 LZ 1.1 
Final dynamic compression (per 

“Cole Cd) gal eRe Oe eee RAD ce ere 9.5 8.0 6.6 69 
POnmmanent S6b: 6oc.coscasiccss wees 8.7 79 7A wt 


These figures indicate that a definite improvement in the tendency to build 
up heat is to be obtained by the use of a low sulfur—high accelerator tread 
stock, but such stocks have the disadvantage of being more prone to scorching. 

Effect of so-called resilient accelerators—Mercaptobenzothiazole, although 
imparting excellent abrasion resistance to tread stocks, has the disadvantage 
that it gives stocks with low resilience and high hysteresis. Several new accelera- 
tors have recently been developed which are said to impart abrasion resistance 
equal to that conferred by mercaptobenzothiazole, together with high resilience. 
Table XIII shows the results obtained with certain of these accelerators on the 
Goodrich flexometer. 

All these high-resilience accelerators are faster curing than mercaptobenzothia- 
zole. Accelerator No. 2 and mercaptobenzothiazole were compared in the tread 
stocks of tires on the road, but, as reported in an earlier part of this paper, no 
difference in operating temperature was observed. From these data it is there- 
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fore to be expected that the other accelerators examined will develop more heat 
than mercaptobenzothiazole in tread stocks on the road. 

The situation was entirely reversed when the accelerators were compared in a 
casing stock of the pure gum type, as can be seen from Table XIV. 


TaBLe XIII 


CoMPoUND 


earner (ARTS MEN re es a SN BS ie a i a ial 100.0 
IRIN I WL eo ee aa el 47.5 
SN, Sig hh SoD aE ES Se ey el eee rt ete er) Rc ee 5.0 
MPIC BET IDNES BE oa oS Sa WRN AIA BNW Aw OUE OECD GAMERS 4.0 
EIRENE ae eh isc eee Cat ri ee a ee caleba a ee ke 2.0 
ON RN Ea eA oe ee le eee thc Do ita ic ei hi 1.25 
RN ed Sasa eels eerie 3.0 
DAMIR ERUT RRS SS te hen cs ti ee Sie, CR a CRC RTA! rai 0.75 


Cure at 274° F 





60 minutes 90 minutes 120 minutes 





Temperature rise (° F) 





Accelerator 
Mercaptobenzothiazole .............. 94.0 91.0 85.0 
High resilience accelerator (1)........ 103.0 98.5 93.0 
High resilience accelerator (2)........ 98.5 97.0 88.0 
High resilience accelerator (3)........ 111.0 109.0 104.0 
High resilience accelerator (4)........ 112.0 105.5 106.0 
TaBLeE XIV 
CoMPouUND 
UES EES ESS TDSC COS eR te ee 100.0 
PPP MCMICM One VL oor Dobe bis bie ein See Maus wee ase Rens r pi 
RG MS NC es te is cs a rc ar NS Cee inks eR GID ae at hcl na 1.0 
REM UUM ot haa Ai aes soa eh woe Wee wise sale ine eee EN eae 3.5 
MINNIS ENS es Ge aC in Lie aaa Gala hemes mw 1.0 
EN ere ere et CL min mwa DAW OS EURO A GIO 3.0 
Accelerator: 
oe RMN NSERESIRIS PRIMUS IRTNIN  tacs ics bisiS x Wo swe Weld ewe seaw Saw are 0.5 
er Mercantobenorthiazole ..............ccesscceesess Paes tions 0.75 


Cure at 298° F 


ae s : 
20) min. 30) min, 45 min, 60 min. 
4 








Temperature rise °F 





Accelerator 


Mercaptobenzothiazole ............. 30.0 37.0 46.0 53.0 
High-resilience accelerator no. 1..... 22.5 25.5 30.0 38.0 
High-resilience accelerator no. 2..... 28.0 27.0 34.0 38.0 
High-resilience accelerator no. 4..... 25.0 20.0 24.0 27.5 


By using a higher proportion of mercaptobenzothiazole, stocks with equal 
rates of cure have been produced. The temperature rise of the mercaptobenzo- 
thiazole stock is now much greater than that of any of the others, of which No. 4 
now shows up best. 

It is therefore apparent that the presence of carbon black upsets the effect 
of these high-resilience accelerators. A possible explanation may lie in the fact 
that they are all made up of two or more different compounds, and that selec- 
tive adsorption of these compounds by the black occurs during cure. Alterna- 
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tively, the excessive hysteresis imparted by carbon black may mask less marked 
effects due to the accelerators. 

Effect of antiflex-cracking antioxidants—Certain classes of compounds are 
particularly effective as antioxidants for preventing the cracking of tread stocks 
when subjected to constant flexing. It has been stated that their action is largely 
due to a reduction in the internal friction of the cured compound!?. In this 
case a reduction should be observed in temperature rise on the Goodrich flex- 
ometer of a tread stock when one of these antiflex-cracking antioxidants is intro- 
duced into the compound. 

Two antiflex-cracking antioxidants were compared with a normal antioxidant 
in a stock with 47.5 per cent of black, details of which are given in Table XV. 
Also included in the comparison was a tread stock with normal antioxidant and 
42.5 per cent of black. 

Flex-cracking tests on the Bureau of Standards test-wheel on tires containing 
these stocks (1, II, III, 1V, see Table XV) proved conclusively that: (1) the 
two antiflex-cracking antioxidants (II and III) were equal and far superior to 


TABLE XV 


Cure: 90 minutes at 274° F 


Compound I II Ill IV 
Smoked sheet rubber......... 100.0 100.0 100 0 100.0 
Carbon Black ...o<cs.sscce0ae 47.5 47.5 47.5 42.5 
MGC MORIGE % ociciciuls aioe ous e 6 5.0 5.0 5.0 5.0 
PMMA RIRE aera uyarare nis a vagia ste Sea 3.0 3.0 3.0 3.0 
WING WAUPRTC oocck cc ces cces eae 3.0 3.0 3.0 3.0 
BNI! GAN, OM i505 se5h aso en 2.0 2. 2.0 2.0 
Mercaptobenzothiazole ...... 0.75 0.75 0.75 0.625 
Normal antioxidant .......... 1.25 — — 1.25 
Antiflex-cracking antioxidant A — 1.25 — — 
Antiflex-cracking antioxidant BB — — 1.25 — 
Temperature rise °F......... 111.0 108.0 108.0 92.0 


the normal antioxidant (1); (2) high-black content stocks (II and III) with 
either antiflex-cracking antioxidant were better than the low-black stock with 
normal antioxidant (IV), and (3) increasing the black content from 42.5 per 
cent to 47.5 per cent with normal antioxidant definitely increased the cracking. 

The small difference in effect of the normal and antiflex-cracking antioxidants 
on the tendency to generate heat is not enough to account for the large differ- 
ence in resistance to flex cracking. Furthermore, if improvement in flex-cracking 
is due to a reduction in internal friction, compounds II and III would be 
expected, as a result of flex-cracking tests, to give less development of heat on 
the Goodrich flexometer than compound IV. As this is not the case, it is con- 
cluded that the action of antiflex-cracking antioxidants is due to some cause 
other than reduction of internal friction. 


SUMMARY 


(1) The reasons for the selection of the Goodrich flexometer for hysteresis 
measurements are given. 

(2) The machine is capable of producing results within +1 per cent. 

(3) For a given cure, the temperature rise of a stock may be increased by 
increasing the length of stroke, the applied load or the frequency of flexing. 

(4) For a given set of flexing conditions, there is an optimum cure at which 
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the lowest temperature rise is obtained. Cures shorter and longer than this 
optimum give increased temperature rise. 

(5) The differences due to cure may be cut down by reducing the stroke or 
load, the former having the greater effect. The role of the frequency in this 
respect is not simple. Reduction of the frequency from 1450 to 830 cycles 
increases the relative differences due to cure, but a further reduction to 685 has 
the reverse effect. 

(6) A set of conditions suitable for testing tread stocks is as follows: load, 
150 lbs. per sq. in.; stroke, 0.3 in.; frequency of flexing, 1450 cycles per min. 

(7) Three examples are given which show that results obtained on the flexom- 
eter can be correlated with those obtained on actudt tires on the road and on an 
inside test wheel. 

(8) Overmilling of a tread stock increases its tendency to heat. 

(9) Heat-treatment of carbon black-rubber master batches before compound- 
ing in tread stocks reduces the tendency of the latter to heat. 

(10) Tread stocks with low sulfur and high accelerator content give less 
temperature rise on the flexometer than those with normal sulfur and accelerator. 

(11) So-called high-resilience accelerators give lower temperature rises than 
mercaptobenzothiazole in gum stocks, but are no better than mercaptobenzo- 
thiazole in tread stocks. 

(12) Antiflex-cracking antioxidants do not cause a reduction in the tendency 
to heat compared with normal antioxidants. 


The authors wish to express their thanks to the Avon India Rubber Co., Ltd., 
for permission to publish the results of this investigation. 
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THE CREEP OF NATURAL AND SNY- 
THETIC RUBBER COMPOUNDS 
IN SHEAR * 
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Creep, or the change of deflection of a material under constant stress, is a 
phenomenon exhibited in varying degree by all solids. Numerous investigators 
have reported data for the creep of marble, rayon and cotton, plastics, and other 
substances. The creep of metals has been studied extensively, because it often 
is the limiting factor in their use, particularly in modern high-temperature 
power-plant equipment and in the springs of precision instruments. 

The use of rubber as a structural material is rather recent, and consequently 
published information regarding the creep of rubber is limited. Some data on 
the creep of rubber stressed in tension were given in papers by Hirshfeld and 
Piron!, and by Braun?. Compression data were included in papers by Hull® 
and Brown‘; shear creep curves were presented by Hirshfeld and Piron? and by 
Haushalter®; shear data in Torsilastic springs were discussed by Krotz® and by 
Haushalter®. Service data from actual installations of tubular (axial shear) 
mountings were included in a paper by Hahn’. These references are of some 
help to the design engineer, but they do not always give complete information 
regarding test conditions and specimen dimensions. 

The increasing use of rubber stressed in shear as a springing medium makes 
it important that design engineers have some idea of the creep that may be 
expected from properly prepared rubber compounds. This paper presents some 
typical creep data for compounds of natural and synthetic rubbers—including a 
polychloroprene (Neoprene E) and a butadiene copolymer. These results were 
obtained during a study of the creep of a wide range of compounds stressed in 
shear for periods of time up to nearly 1,000 days under controlled conditions 
approximating those of actual service. 


TEST PROCEDURE 


Two views of a part of the creep testing equipment are shown diagram- 
matically in Figure 1. The test-specimens are rubber shear mountings con- 
sisting of rubber bonded to two parallel flat metal plates. The nominal rubber 
thickness is % inch, with a 3- by 4-inch adhesion (shear-stressed) area. The 
mountings to be tested are attached to each other, end to end, with spacers so 
that vertical displacement of the end mountings results in a nearly pure shear 
strain in the rubber. The free plate of the top mounting in each line is attached 
rigidly to a testing frame. 

The mountings are loaded by applying the compressive force of a standard 
automobile helical suspension spring through the connection shown in Figure 1 
to the free plate of the bottom mounting so that shear load of the mountings in 
series is balanced against the compression of the helical spring. The weight of 
the mountings themselves produces a negligible stress variation from the bottom 


* Reprinted from the India Rubber World, Vol. 103, No. 5, pages 51-55, February 1, 1941. 
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to the top of the line. The desired load is maintained on the mountings by fre- 
quent adjustments of the helical spring to its previously calibrated height. By 
this arrangement, up to ten 3- by 4-inch mountings can be tested in one line, 
and a maximum of 70 mountings can be tested simultaneously in one frame. 
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Fig. I1.—Shear mounting creep test apparatus (The B. F. Goodrich Co.). 


Specimens of various sizes can be tested simultaneously at various shear stresses 
with this equipment. 

One frame is surrounded by a large forced-convection oven to maintain the 
mountings at a temperature of 140° F, usually to +1.5° F for an accelerated 
test, while another frame is located in a room with temperature controlled at 
80° F for normal temperature tests. 
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The compact arrangement of mountings permits maintenance of uniform tem- 
perature distribution in the oven. The spring-loading system is advantageous in 
eliminating awkward and bulky dead weights and in minimizing the effects of 
stress variations in test mountings which would be caused by vibrations of the 
building. 

Creep measurements are made by determining the distance D, in Figure 1, 
between the ends of the metal plates of adjacent mountings with a special 
micrometer dial gauge. The zero reading (#,) is taken after the mountings are 
assembled in the creep testing frame, but before the load is applied. After appli- 
cation of the load, another reading (#;) is taken to measure the initial deflection. 
Subsequent readings (R,) are a measure of creep. 


Initial deflection: d,=R,-R, 

Initial strain: $= = , Where 6=rubber thickness 
Actual creep at time t: C,= R,-R, 

Unit creep at time t: C,= = 


Since various rubber compounds were tested more conveniently under equal 
unit stresses, softer compounds were deformed more than harder ones. Conse- 
quently comparisons of actual creep favor the harder compounds. To make 
comparisons on a more equitable basis, creep has usually been considered as 
percentage of initial deflection (called percentage creep). 

This is defined as: 

Me R,-R, 
Cc. =100—* =100 i 
te d, R,-—R, 


] U 


CHARACTERISTICS OF THE CREEP CURVES 


Typical creep curves on rectangular codrdinates for six compounds tested 
under 50 psi shear stress at both 80 and 140° F are shown in Figure 2. These 
materials, like all others, creep most rapidly immediately on application of load, 
and then more slowly. In general, the curves may become either approximately 
straight lines at 100 to 200 days, or may indicate continuously decreasing rates 
of creep. Although the creep rate may become very small for a rubber mount- 
ing which has been under stress for a long time, it never becomes zero. For some 
compounds the rate may again increase, as shown in the curve for compound A 
at 140° F. 

On semilogarithmic codrdinates in Figure 3, for the 80° F tests, the creep 
curves can be approximated by two or three straight lines, each succeeding line 
having a greater slope. These curves illustrate the dangers inherent in extra- 
polation of creep curves based on experimental data covering only a short 
period of time after loading. They also explain why, in some cases, short-time 
creep curves have been reported linear on semilogarithmic coordinates. 

When plotted on logarithmic coérdinates, as shown in Figure 4 for the 80° F 
tests and in Figure 5 for the 140° F tests, the creep data in general can be satis- 
factorily represented by straight lines for relatively long times. This linearity 
indicates a continuing decrease in creep rate with time. Occasionally the creep 
curves for some compounds depart from linearity during the early part of the 
test, as for compound B at 80° F and compound A at 140° F. In addition, the 
curves may depart upward from linearity for some compounds at about 100 
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days when tested at 140° F, as indicated by compound A. This break from 
the curve was not accompnaied by any change in the physical appearance of 
the test-specimen; so it may be caused by changes in molecular structure of 
the rubber. 
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Obviously a creep curve cannot be exactly linear on all three types of codrdi- 
nates during the same period of time. These creep data happen to be of such 
a nature that they can be satisfied over parts of their ranges almost equally well 
by linear, exponential, or parabolic equations. 
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IMPORTANCE OF PROPER COMPOUNDING 


The creep characteristics of natural and synthetic rubber compounds can be 
controlled over a wide range, varying from the high plasticity of unvulcanized 
rubber to the low creep of vulcanized compounds designed for carrying con- 
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Fig. 5.—Log-log creep curves of shear mountings. 
50 Psi. 140° F. 


tinuous loads. The creep curves presented here illustrate some of the variations 
in creep found in a group of compounds, some of which were designed for rub- 
ber mounting service. 

Compounds A, B, and C are made from natural rubber. Compound A adheres 
well to metal, but has only an average creep and does not age very well at 
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140° F. Compound B does not adhere to metal directly, but requires the use 
of an intermediate layer of tie-gum. Although its creep is very low, it cannot 
carry a load for a long time at 140° F. It is interesting that much of the creep 
shown by the curves for this compound is due to the tie-gum, which is 20% 
of the total rubber thickness in the mounting. Compound C, on the other hand, 
has a low creep, good adhesion to metal, and good aging resistance at 140° F. 

Compound D, made of Neoprene Type E, is among the best of ten Neoprene 
compounds tested. Four of these compounds failed within 40 days at 140° F. 

Compounds E and F were made from a butadiene copolymer. Compound E 
is an example of a composition unsuited for suspensions. It has a high creep and 
short life at 140° F. Compound F, however, has an even lower creep on a long- 
time basis than compound C, the best rubber compound, and shows good aging 
properties. 

TaBLe I 


Creep or NATURAL AND SYNTHETIC RuBBER COMPOUNDS 





80° F. 140° F. 
Creep at “ Creep at 
Approx. e 640 days e 640 days 
Shore Initial a Initial 

Durometer — strain 7 Ca strain C Ca 
Compound Hardness _ in./in. NG in./in. in./in. % in./in. 
OS ea 43 665 24.9 164 753 205.0 1.543 
OS See 40 773 11.6 090 Failed before 640 days 
oo CU a es 45 -o — — 596 48.9 292 
D Neoprene type E.... 46 683 25.5 173 793 81.2 643 
E Butadiene copolymer. 50 928 28.7 .267 Failed before 640 days 
F Copolymer ........ 55 520 12.7 .068 435 33.0 145 


It can be seen from the curves that compounds of rubber, Neoprene, or 
butadiene copolymer can be made to have low creep and long life by proper 
processing and choice of ingredients. However, a compound must have not only 
a low creep, but also other properties of equal or greater importance, such as 
correct hardness or spring rate, good adhesion to metal, good aging, and high 
tear resistance. It should be emphasized that the mechanical and chemical 
properties of rubber are interrelated in complex ways, so that it is seldom pos- 
sible to exaggerate or develop one characteristic without sacrificing one or more 
others. The compounder must ordinarily seek a well-balanced product. 


EFFECT OF TEMPERATURE ON CREEP 

It has been seen that creep curves at 80 and 140° F are similar in shape, but 
that with all compounds, creep occurs more rapidly at the higher temperature. 

Table I lists percentage creep, unit creep, and initial strains at 50 psi of the 
compounds shown in the curves. 

The maximum unit creep of any of these compounds in 640 days at 80° F 
amounted to only 0.267-inch per inch, or 29 per cent of the initial strain (com- 
pound E). The smallest unit creep shown by any compound in this time was 
0.068-inch per inch, or 13 per cent for compound F. At 140° F, creep is from 
two to nine times greater than at room temperature. The maximum creep in 
the compounds which lasted 640 days at the higher temperature was 1.543 inches 
per inch, or 205 per cent for compound A; the least amount of creep was only 
0.145-inch per inch, or 33 per cent for compound F. 

It is interesting to observe that the creep of these rubber samples, expressed 
as percentage of initial strain, is only a small fraction of the creep found in 
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steel under some conditions of service. Table Il compares data for compound C 
with data obtained in a joint A.'S.M.E.-AS.T.M. creep study*. 

The conditions under which the creep of these two materials were deter- 
mined are, of course, very different, but they approximate actual conditions 
under which each might be used. Compound C was initially deformed 370 times 
more than the two steel samples, but had only 1 to 2 per cent as much creep, 
expressed in terms of the initial deformations. 


TABLE II 


CREEP OF STEEL AND RUBBER 
Creep at 600 days 





Initial r 
deformation % of initial 
inches Inches deformation 


Specimen No. B12-1, 18% Cr, 8% Ni 

Steel, 1200° F—8,345 Psi Tensile 

ROUNORS: iroiis Gs sieeiae tu ue aeeAWwaneitts 0.0006 0.0268 4470 
Specimen No. 25B-5, 0.35% Carbon 

Steel, 850° F—7,500 Psi Tensile 


RNS trict init vca oes ea aaa 0.0005 0.0099 1954 
Rubber—Compound C, 140° F—50 
Psi Shear StLess. 06. ccicc ceseewese 0.1853 0.0803 43.3 


Taare III 


EFFecT OF TEMPERATURE ON CREEP CONSTANTS 


80° F. 140° F. Troe 
—_—_ a —_—_— OF 
Compound Ci n Ci n Ci n 

1 Reta rarer rn tenae 3.3 al 10.2 40 3.1 La 
Bee Reece 0.64 44 19 52 3.0 12 
CRS ate ewer a= os 2.4 46 — — 
HOP aac t aes 3.6 ol 9.2 4 2.6 1.1 
Ree Gra ances 7.4 21 Failed — a= —_ 
| OV reece ne be a Aceon 28 24 3.4 30 1.2 15 


The linear part of the relation between creep and time on logarithmic codrdi- 
nates (Figures 4 and 5) and may be expressed by: 


or C, =log C;+nlogt 
Jo 
log Cy, =(',t 


Where C,, is creep. 
vA 


t is time in days. 
C, is a constant, the intercept of the log-log curve at one day. 
n is a constant, the slope of the log-log creep curve. 


The values of the constants for the curves of Figures 4 and 5 are shown in 
Table III. 

C, and n are alway greater at 140° F than at 80° F, indicating both a higher 
initial creep and a greater slope for all compounds. For these particular com- 
pounds the effect of temperature is about the same for rubber and Neoprene, 
while the compound of butadiene copolymer F has a smaller increase in C and a 
greater increase in n at the higher temperature. In another group of about 50 
rubber compounds, C; was found to be from 3 to 260 per cent and n from 7 to 
111 per cent greater at 140° than at 80° F, depending on the compounding in- 
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gredients and on the degree of vulcanization. There are not yet sufficient test 
data on compounds of Neoprene and butadiene copolymer to permit general 
conclusions concerning these relations. 


EFFECT OF TEMPERATURE ON OTHER MECHANICAL CHARACTERISTICS 


Higher temperatures not only increase initial creep and slope, but they reduce, 
and in some cases may seriously impair, the load-carrying life of the compound. 
The chemical and physical nature of compounds of rubber-like materials is such 
that elevated temperatures bring about numerous slow changes in them. Among 
these changes may be mentioned additional cure, with possible reversion (soften- 
ing) or hardening effects, and loss of tensile strength and tear resistance. The 
rubber technologist refers to all effects of this type by the general term aging. 
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CPD. G—Rubber. 


It is estimated that the rate of aging is accelerated very roughly eightfold by a 
change of temperature from 80° to 140° F. 

These aging effects are made evident in one case by the discontinuity of the 
140° F creep curve for rubber compound A, in Figure 5, at 150 days when the 
creep rate began to increase. This compound was removed from test at 690 
days because of severe age-cracking. The inflection point at 150 days is prob- 
ably caused by a change in the molecular structure of the rubber as a conse- 
quence of the more rapid aging at the higher temperature. Likewise rubber 
compound B failed at 270 days, and the butadiene copolymer, compound ¥F, 
at 10 days at 140° F although no inflection point occurred in either case. 

If properly compounded and processed, however, as shown by curves for com- 
pounds C, D, and F, all these polymers may be relied on to carry at least 50 psi 
shear stress at 140° F for more than 700 days. How much longer they will Jast 
is not known, for the test mountings are still in good condition. 

None of these compounds failed or showed evidence of impending failure at 
80° F and 50 psi in the 900-day period up to the present time. Experience has 
shown that rubber products have given good service in actual installations for 
periods much longer than that covered by these tests. Some installations of 
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shear mountings have been in service under heavy industrial machinery more 
than seven years with no indications of failure; other types of mounting have 
been in service for more than 16 years. 


EFFECT OF STRESS ON CREEP 


Curves are shown in Figure 6 for the unit creep of a rubber compound (G), 
similar to compound A, stressed to 50, 75, and 100 psi at both 80° and 140° F. 
The constants of the logarithmic creep curves are shown in Table LV. 


Taste IV 


Errecr or TEMPERATURE AND STRESS ON CrEEP CONSTANTS OF A RuBBER COMPOUND 

















140° F 80° F Ratio 
ee gi eee 140/80° F 
Stress Ci Ct _’ 

Psi in./in. n in./in. n Ci n 
| neers O86 vl 025 28 3.4 1.1 
CR eset 38 4 0388 0 3.6 1.1 

| err 204 29 074 24 2.8 1.2 

Average 3.3 Bs 
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Fic. 7.—Effect of shear stress and temperature on percentage creep 
(CPD. G). 


The increase in C, is not proportional to the stress, while the values in n change 
only slowly, if at all, with stress at any one temperature. The effect of tempera- 
ture on creep is again shown by these data, where C, is about 230 per cent greater 
and n is about 14 per cent greater at 140° F than at 80° F. 

In Figure 7 the data of Figure 6 are plotted as log creep in percentage of 
initial deflection versus log time. Creep expressed in this way is independent of 
stress, but depends only on the temperature. The independence of percentage 
creep and stress would appear to justify this method of comparison of soft and 
hard compounds. The agreement at 140° F is better than at 80° F but the dif- 
ferences at the latter temperature may be due to experimental error. Similar 
results were obtained with eight other rubber compounds. 
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EFFECT OF CONTINUOUS LOAD ON SHEAR STRESS-STRAIN CURVES 


Figure 8 shows how the shear stress-strain characteristics of compound G are 
changed by conditions under which the creep data are obtained. Stress-strain 
curves of samples which were kept without stress at the two temperatures are 
shown for comparison. Shear mountings of compound G were maintained at 
each of the following conditions: 

1. 140° F—100 psi shear stress 
2. 140° F—no shear stress 
3. 80° F—100 psi shear stress 
4. 80° F—no shear stress 

These mountings were removed periodically, and each time seven shear stress- 

strain curves of each mounting were obtained autographically on a specially 
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adapted Olsen testing machine. The curves in Figure 8 show the shear stress- 
strain curves for the loading portion of the seventh cycle of each of the four 
mountings before and after aging 210 days under the above conditions. Aging at 
80° F, with or without the shear stress, produces only slight changes in the 
shear curves. At 140° F, however, there is some stiffening on aging. In 210 
days the Shore Durometer hardness increased from 48 to 54. The shear modulus 
(slope of the stress-strain curve) at 100 psi increased 20 per cent for the un- 
stressed mounting and 42 per cent for the stressed mounting. However the 
deflection of the stressed mounting at 100 psi decreased only 12 per cent. As 
a result of such an increase in modulus, a vibration isolator under these condi- 
tions would change in transmissibility from about 11 per cent to about 17 per 
cent, assuming an initial 3 to 1 ratio of disturbing to natural frequency. 


CONCLUSIONS 


Creep tests, extending in some cases as long as 900 days, indicate that both 
natural and synthetic rubbers such as Neoprene and butadiene copolymer can be 
compounded to give satisfactory service in shear mountings 
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At 140° F, eréep is from two to nine times greater than at 80° F, depending on 
the compound. Tests at room temperature do not indicate either the amount of 
creep or the life to be expected at higher temperatures. Actual creep (measured 
in inches) increases with stress, but when expressed at percentage of initial 
deflection, it may be independent of stress. 

Creep curves are linear over a considerable range of time when plotted on 
log-log scales. However, extrapolation of such curves to predict results after 
very long times is not justified, because the curves may not continue to be 
linear, or failure of the mountings may occur, particularly at high temperatures. 
Short time tests of any sort are not necessarily indicative of the relative creep 
or life of compounds in long-time service. 

The tests reported here are a small portion of a large number which is being 
continued and augmented. It is hoped that these and other investigations now 
under way may contribute to clearing the picture of the complex interrelations 
between the many physical properties of compounds of rubberlike materials. 

The rubber technologist uses his specialized knowledge to develop a wide 
variety of compounds, making use of several types of basic rubberlike materials. 
He chooses whichever fits service requirements best from performance and eco- 
nomic viewpoints. Modern materials and recent developments in processing 
technique have made possible compounds suitable for a wide range of service 
conditions. 
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PERMEABILITY OF ELASTIC POLYMERS 
TO HYDROGEN * 


THERON P. SAGER 


NATIONAL BUREAU OF STANDARDS, WASHINGTON, D, C. 


I. INTRODUCTION 


Natural rubber has been the material generally employed as the gas-retaining 
membrane in various inflated structures. This is because of its unique combina- 
tion of high tensile strength and almost completely reversible extensibility. Its 
inherent limitations are low gas impedance and lack of resistance to deterioration. 
There are relatively few materials which can be used for this purpose. A ma- 
jority of film-forming substances—cellulose derivatives, drying oils, resins—which 
are employed in varied applications in our economy, fail in one respect or another 
to meet the peculiar requirements. Within recent years, however, a number of 
synthetic materials have become available which are characterized by high 
elasticity and are also less permeable than rubber to gases. The values reported 
here result from a continuation of the study of the permeability of these materials 
for the Bureau of Aeronautics of the United States Navy Department. 


Il. MATERIALS AND METHOD 


The materials which were examined included natural rubber; Perbunan, a 
co-polymer of butadiene and acrylonitrile; Neoprene G, one of the types of 
polymerized chloroprene; Thiokol DX, a product from the condensation of 
halogenated olefins and scdium polysulfide; Vistanex, a polymer composed of 
isobutene units; and Pliofilm, composed of rubber hydrochloride. Plhiofilm is not 
a rubberlike material, although it is somewhat extensible and exhibits elasticity 
at elevated temperatures. This material was examined in the form in which 
it was received. Films, ranging in thickness from 0.025 to 0.06 cm., were pre- 
pared from the other materials. Those materials which attain their most desir- 
able physical properties as the result of vulcanization were compounded with 
only the essential ingredients and heat-cured. The compounding formulas are 
shown in Table I. Because Vistanex is not a vuleanizable material, no compound- 
ing ingredients were added to it. 

The method of determining permeability and the conditions of test were 
those which have been previously described.! It was assumed that in all cases 
the rate of permeation in mass per unit time is proportional to the partial pres- 
ture of the gas and inversely proportional to the thickness of film. Permeability 
is expressed herein as milliliters of hydrogen which penetrates a film 1 cm. thick 
over an area of 1 sq. cm. in 1 minute. It was assumed that only a negligible 
partial pressure of hydrogen exists on the low-pressure side; then the permea- 
bility in volume of hydrogen (at the initial pressure) is independent of that 
pressure. The effect of temperature was found to be characteristic of each 
material and was included in the study. 


* Reprinted from the Journal of Research of the National Bureau of Standards, Vol. 25, No. 9, 
pages 309-3138, September 1940, 
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III. EXPERIMENTAL RESULTS 


In Table II are shown the permeabilities obtained at 25° C, the temperature 
at which determinations on balloon fabrics are customarily made. Table IIT 
contains the rates of permeation at various temperatures, ranging generally 
from below 10° C to slightly above 40° C. The exponential character of the 
temperature-permeability relationship is shown by the curves in Figure 1, in 
which the logarithm of the permeability is plotted with respect to the reciprocal 
of the absolute temperature. 


TABLE I 


CoMPOUNDING FoRMULAS 
[Each column represents a separate compound] 


Material Parts by weight 
smoked sheet rubber... 066 sdcciawsciciewss 100 — — — 
EPEC) Sc ie oe re a — 100 — _ 
RSMO Ab 8 Oy die 'arases org Guarsie Sakae law arene — _ 100 — 
MES OUP ADE 6 a. ais: p isd aieahe Ware weiwn wae’ — — — 100 
SUMMER te eat rece sacra sain ect Tocapieo eis Seas ions wos isto 4 1 — 

MATER ARELO hace a's Giang cre aie o aoaiaaetew eA ioweroiah 5 5 5 10 
PROCS ITN CRUG 5 616-5 4.6 000 Woes 44 se Se esi — —~ 4 — 
Mercaptobenzothiazole (Captax) ......... | ~ - - 
Benzothiazyl disulfide (Altax)............. —_ 1 —_ 0.25 
DDIGRENYIQUATIGING ici ccsccscccss as eens. — — 0.1 
Phenyl-8-naphthylamine (Neozone D).... 1 - 2 — 


TaBLe II 


PERMEABILITIES TO HypROGEN aT 25°C 


Material Permeability 
ERO DDOE src cntoenisdteos iibewwkeasekwer 22.8 
CT) se eae 14.4 
INGO TIO rr 665 2iee5 oe Caislsin euiere vis 54 
SEES ES) A Ry ee ee ee 26 
gc) Sol Ul DD Si ee 19 
ECT) Sh Sa een 04 


IV. DISCUSSION 


The exponential increase in permeability with increasing temperature has been 
interpreted on the basis of chemical kinetics. The straight lines obtained in 
Figure 1 are evidence that the velocities of permeation are proportional to the 
quantity e#/R?, in which EF is the activatien energy of permeability. In Table 
IV are shown the values for H which were computed from the slopes of the 
curves in Figure 1. The values for rubber, chloroprene, and _ butadiene- 
acrylonitrile polymer have also been determined by Barrer?, with whose results 
these are in substantial agreement. 

The process of permeation involves the combined action of absorption of gas 
by the solid and diffusion or movement of the gas from one point to another in 
the material. For a molecule of gas, located at any point in a solid, to undergo 
a change of environment, it is necessary that energy be furnished. Two possible 
circumstances may govern the consumption of this energy. Energy may be 
utilized in lessening the binding attraction of the solid for the gas, or it may be 
employed in overcoming the repulsive force encountered as the gas molecule 
attempts to produce for itself a position or “hole” within the molecular network. 
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Tas_e III 
VARIATION OF PERMEABILITY WITH TEMPERATURE 
Temperature Permeability to hydro- Temperature Permeability to hydro- 
of test gen at t°C of test gen at ¢t°C 
RUBBER VISTANEX 
Se, per em. per sq. cm. ” @e. per cm. per aq. cm. 
bs per min. x 108 °C per min, x 108 
6.0 98 1.0 0.73 
10.0 11.8 44 0.87 
11.0 12.3 11.0 1.31 
14.0 13.5 14.0 1.75 
16.4 15.7 25.0 2.62 
24.0 228 26.0 2.90 
25.5 22.9 34.0 4.30 
34.0 21.1 42.0 7.00 
42.0 42.0 
THIOKOL DX 
PERBU NAN 14.0 114 
45 461 25.0 1.92 
10.9 6.04 34.0 2.97 
13.8 7.70 420 3.98 
25.0 14.4 
34.0 20.5 PLIOFILM 
42.0 29.0 38 0.13 
NEOPRENE G 10.8 0.21 
ere 14.4 0.26 
9.0 2.27 25.0 0.44 
14.0 2.84 34.0 0.68 
25.0 5.40 35.0 0.79 
34.0 8.06 42.0 1.26 
42.0 11.6 
bm 
RUBBER o— 
PERBUNAN ee ee 
PREN kee eo 
. a “ nn 
 [rwono. off so — 
tS GPPLIOFILM Qa sooner —— 
© 
° —_ 
J a 
sho 320 0 340 350 360 
1/T x 109 
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1.—Relation between logarithm of permeability and reciprocal of absolute temperature. 
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In the case of these materials, the likelihoed of the latter as the predominant 
factor appears to be the greater. Hence it appears likely that differences in 
their permeabilities are largely determined by the structural characteristics on a 
molecular scale of the individual substances. 

An indication of the effect of molecular structure on the rate of permeation 
is shown by the comparative behavior of rubber and the hydrocarbons of balata 
and gutta-percha. The latter are identical with the hydrocarbon of natural 
rubber in chemical composition. They are, however, distinctly different in their 
physical characteristics. Rubber is amorphous in the unstretched condition, 
whereas the other materials are crystalline. Balata and gutta-percha differ from 
rubber in density, softening point, and the viscosity of their solutions. They 
are regarded as stereoisomers of rubber, and in diagrammatic representations of 
the two forms, rubber is assigned a cis and gutta-percha and balata a trans 
arrangement. 


Taste IV 


AcTIVATION ENERGIES OF PERMEABILITY FOR HypROGEN 


Activation Activation 
energy energy 
Material calories per mole Material calories per mole 
AGIDOGE 6 <5 Nidal does « 6,800 Wistane® ccc scwaiesic 9,200 
Perbuman: .siicce esc 8,400 Thiokol DC s6cec 8,400 
Neoprene G ....... 8,900 PHORUM - oiecisioiernisreis 9,500 


TABLE V 


COMPARISON OF THE PERMEABILITIES OF FAsrics CoAtep WITH RuBBER, BALATA, 
AND GUTTA-PERCHA 


Permeability to hydro- 


Weight of coating, gen, liters per sq. 

Material g. per sq. m. m. per 24 hrs. 
BIER: 1k) aiden ehivies 123.0 13.4 
PIQIAGA: sida aces ein marcas 125.4 7 
Gutta-percha ......... 98.3 22 


The difference in the behavior toward hydrogen of these materials is shown 
by the following experiment. Balata and gutta-percha hydrocarbons, from 
which the accompanying nonrubber components had been removed by repeated 
extractions with acetone, were applied in the form of their solutions in toluene 
to two portions of balloon cloth. The amounts of material deposited upon the 
cloth on evaporation of the solvent were of approximately the same weight per 
unit of area. A film of “pure gum” rubber compound was similarly applied to 
a third portion of the same cloth. The permeabilities to hydrogen of the three 
fabrics were determined at 25° C. The values obtained and the weights of coat- 
ings are shown in Table V. Since the densities of these susbtances are not 
appreciably different, the permeabilities obtained on films of about the same 
weight per unit area are practically comparable. 

Results which have been obtained from x-ray and electron diffraction studies 
of linear polymers® indicate that structural differences may exist between natural 
rubber and synthetic polymers which are similar to those which determine the 
distinctive characteristics of rubber and substances such as balata, and which 
may largely account for the differences in the permeability of these materials. 

It is obvious that permeability alone does not wholly determine the relative 
utility of these materials for flexible gas-containing structures. Other factors 
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which equally determine their usefulness are tensile strength, elongation, perma- 
nent deformation, resistance to natural aging, continued polymerization or de- 
polymerization, and behavior at extremes of temperature. Most of the properties 
of the materials which have been considered here are known or are rapidly 
becoming so. They all possess certain characteristics which render them par- 
ticularly useful in definite fields for which they were designed. In their present 
stage of development, no one of them represents the ideal in every respect for 
the construction of gas containers. It has been observed, however, that changes 
in the physical characteristics of such materials, which are produced through 
changes in chemical composition, methods of preparation, or the nature and 
amounts of their compounding ingredients, are frequently not accompanied by 
any appreciable change in their behavior toward gases. The rate of permeation 
of uncured rubber, for example, differs but little from that of the fully vulcanized 
material, despite the extensive changes produced in other properties. The 
permeability of Neoprene G is but slightly higher than of Neoprene E (See 
footnote 1). That of Thiokol DX is of about the same order as that of other 
types of this materialt. For this reason materials which are deficient only in 
certain physical characteristics may be capable of being improved in this respect 
without serious impairment of their low rates of permeation. 

Since it is becoming increasingly evident that neither the property or elastic 
extensibility nor impedance to the passage of gases is restricted to any sharply 
defined group of substances, there is the further possibility that some new type 
of polymer may yield an even more desirable material. 


SUMMARY 


The permeabilities to hydrogen of natural rubber, Perbunan, Neoprene G, 
Vistanex, Thiokol DX, and Pliofilm diminished in the order mentioned. The 
increase in rate of permeation with increasing temperature was exponential in 
all cases. Values for the activation energies or permeability for hydrogen were 
found to be 6,800 calories per mole for natural rubber and 8,400 to 9,500 calories 
per mole for the synthetic materials. The greater magnitude of the energy 
requirements of the latter indicates that their lower permeability may be at- 
tributed to differences in their molecular structure. 
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ELECTRICAL TESTS AND THE PROBLEM 
OF CURE * 


J. R. S. Warine 


Although recently the centenary of vuleanization was celebrated, knowledge 
of this important technical process is far from complete. It has, therefore, been 
important to get information from all possible sources. The first main line of 
attack was from the chemical angle and great attention was paid to combination 
of rubber with sulfur. However, the advent of modern accelerators has to some 
extent put this aspect of vulcanization into the background, and the established 
practice is to use mechanical tests as a method of study and control. Even with 
these additional methods of evaluation, the whole story of vulcanization has not 
been told. In recent years, the T-50 test has been introduced, and it does not 
need a great step to seek changes in other physical properties as a means of 
adding to knowledge of the cure process. It is wrong to regard the vulcanization 
of rubber by sulfur as a purely chemical or purely physical process; it is essen- 
tially a physico-chemical change. This is even more true when reinforcing fillers 
are included in the mix. For instance, the structure of carbon black has a great 
effect on the life of a rubber article, but this is often not revealed by the tensile 
strength test. On the other hand, differences in the structure have a profound 
effect on the electrical properties of the mix. 

It has been known for some time that the electrical properties of rubber-sulfur 
compounds change considerably as combination with sulfur proceeds. These 
effects have been investigated by Scott, McPherson and Curtis?, and may be 
summarized as an increase in dielectric constant to a maximum and then a 
fall and a similar but rather steeper increase in power factor to a maximum at 
about 12 per cent of combined sulfur, falling again as ebonite is approached 
(Figure 1). The exact position of the maximum has been shown to depend 
mainly on the frequency and the temperature of test and not on chemical com- 
position. As far as can be ascertained, these effects have not yet been used for 
studies of vuleanization, though at least one prominent writer on the subject? 
suggested that an understanding of these changes in electrical properties would 
undoubtedly help towards the correct estimation of the various changes taking 
place during vulcanization. It is probable, however, that, owing to the difficulties 
of some of the tests and the absence of electrical apparatus and suitable per- 
sonnel in the rubber trade, these properties have never attracted much attention 
until recently. The Rubber Technology Conference, held in London in 1938, 
had two papers on electrical properties of rubber compounds; the first* dealt 
with the variation of electrical properties with frequency; the second! showed 
that dispersion has an effect on the electrical properties of carbon black 
compounds. 

Previously work by Cassie, Jones and Naunton® had shown some of the effects 
of antioxidants on the electrical properties of carbon black mixings, among other 
matters indicating clearly that there is a change in electrical properties during 
vulcanization (Figure 2). It was put forward in this paper that electrical proper- 
ties, particularly electrical power factor at radio frequency, measures in some 


* Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 16, No. 1, pages 23-38, 
June 1940. 
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way the structure of carbon black, and that this structure is all important in 
determining the physical properties of the resultant compound. 

It is not surprising that, as soon as electrical properties were found to be of 
use in studying tire tread compounds, more interest was aroused in the minds 
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Fic. 1.—Combined sulfur (per cent). 
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Fic. 2.—Variation of power factor with time of cure. 


of the practical man. Electrical properties have now invaded the patent litera- 
ture in at least one noteworthy example on the processing of high carbon black 
mixes prior to vulcanization®. Finally such a brief survey would not be complete 
without a reference to two relatively recent discoveries. First is the utilization 
of electrical losses in rubber compounds for actual vulcanization of the rubber 
article, with resulting great uniformity of cure. This process, known as radio- 
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vulcanization, is being developed commercially in France’. The second discovery, 
of electrically conducting rubber’, has drawn attention to the whole question 
of electrical properties and carbon black structure. 

The present paper had two objects: (1) to indicate the important practical 
assistance, from a factory control point of view, which electrical tests, particu- 
larly such a simple test as conductivity, can give, and (2) to describe simple 
measurements carried out with mixes containing gas black (Kosmos T) and 
acetylene black. The electrical properties of carbon black compounds, par- 
ticularly those containing reinforcing blacks, are changed by each stage in the 
process of mixing, heat treatment, extrusion and vulcanization of tire tread 
compounds, 


EXPERIMENTAL WORK 


Measurements of the variation of electrical power factor at radio frequency 
with cure were carried out with the apparatus used by Cassie, Jones and Naun- 
ton®, and with a device for measuring the eddy current losses in rubber. This 
latter instrument consisted of an oscillator generating radio frequencies of about 
2,000,000 per second, with a variable condenser for feeding back energy into 
the oscillatory circuit until oscillation just started. When a sample of rubber 
was inserted in the coil of the oscillatory circuit, the oscillation ceased, due to 
the damping effect of the eddy currents, and a different setting of the condenser 
was required to start the oscillation again. A pronounced click in a pair of 
headphones is heard when the oscillation occurs and the difference between the 
two settings of the condenser is a measure of the energy loss due to the sample. 
With more powerful apparatus, actual heating of the samples can be obtained 
in this way, and the temperature rise measured. The advantage of this type of 
measurement is that there is no trouble from electrodes, as none are used. The 
first, set of measurements was designed to show the effect of temperature of cure 
on the electrical properties of an ordinary tread stock. 


MIxeEs 
Smoked sheet rubber.......... Pe Han evden. rorauavelonaes 100 100 
Gas black (Kosmos T)........ Berets cantar cacao 40 40 
LATA ECS ot eee ae ae en en eae 5 5 
CUREELOEY O1  S SES e enre e 4 4 
CELE  CEL SRS ee nO eee ae 3.25 3 
TDIBNENVAGUABIOING s.6iosc.4 6:6.c/ece sis ares tieiclewneeres 1:25 — 
Zinc diethyldithiocarbamate .............eeeee von 1 


The mix with diphenylguanidine was cured in a press at 141° C and 158° C; 
that with zine diethyl dithiocarbamate at 70° C in an oven. 


RESULTS 


The general effect of cure on the electrical power factor and on eddy current 
loss, both expressed in relative units, is shown on graphs (Figures 3 and 4). 
These curves show a distinct similarity between the effects of temperature on 
both dielectric power loss and eddy current loss. In each case the losses increase 
with time of cure and with increasing the temperature from 70° C to 141° C, 
but no great change is noted from 141° C to 158° C. 

The next point of interest was the effect of different blacks. Figure 5 shows 
a curve, obtained with lamp black, giving absolute values of power factor against 
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Percentage power factor. 
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Fig. 3.—Time of vuleanization. 
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0 60 120 min, at 141° C 
0 24 48 hrs. at 70° C 


Fig. 4.—Time of vulcanization. 
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Fig. 5.—Power factor of lampblack. 
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ELECTRICAL TESTS AND CURE 


time of cure. The figure for Kosmos T gas black would be 
in absolute units, of order of 30 per cent or greater, and 1 
values as 80 to 90 per cent, according to figures obtained 


well off the paper 
nay reach as high 
by Herrmann and 


Kemp‘. Owing to these high losses with the technically useful blacks, and even 


more so with acetylene black as used in conducting rubber, 
make some measurements of direct-current conductivity in tl 


MIXES 
Smoked sheet rubber........ 100 100 100 
LULL VF ARSC TS Une deel An tear reat Rg eR 50 50 50 
LUCE ESE ean ete ray eee 3 3 3" 
MVNA MBROIIAL 2 Vasc fa usiaiiei tis Sacer carci 3 3 3 
Diphenylguanidine .......... 3 3 3 
Acetylene black ............. 30 40 50 
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Fic. 6.—A set of conducting ebonites, 


TaBLe I 


Current (milliamperes) Acetylene 


black 





Time of cure 


(nin. ) 60 pts. 50 pts. 40. pts. 
10 18 19.5 3.6 
20 10 3.1 Pes 
30 1 0.9 0.7 
45 13.5 4.6 16 
60 94 58 8 
90 over 120 78 15.5 

120 — 372 215 


30 pts. 
08 
0.25 
0.08 
0. 


ooo 
~s1iv to 


An ebonite was obtained by vulcanization for 120 minutes at 141° C. The 


electrical properties were examined at intervals up to 120 mi 
Figure 6 and Table I show the change in conductivity of 
proceeded. The conductivity is expressed in milliamperes, u 


nutes. 
this mix as curing 
sing a 12-volt bat- 


tery and electrodes of 36 square centimeters. A distinct resemblance will be 
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noted between these and the corresponding tensile-strength curves. A minimum 
conductivity is observed with each mix at a cure of 30 minutes corresponding 
to the physical state of semiebonite. Finally, owing to the difficulties experienced 
in selecting the best method of fixing the electrodes, it was decided to carry out 
experimental tests on the electrical conductivity of mixes during actual cure, 
as well as on cured sheets. For this purpose the following four mixes were 
selected, two containing gas black (Kosmos T) and two acetylene black. 


Smoked sheet rubber........ 100 100 100 100 
RAR UNRMED sos Or ee iantnie ins 5 5 5 5 
OO Le 40 47.5 — — 
Acetylene black ............ — 40 47.5 
RN is Sei Se a ibiais waa 3 3 3 3 
Mercaptobenzothiazole ...... 0.75 0.85 0.75 0.85 


The arrangement of the apparatus used is shown diagrammatically in Figure 7. 

A sample of mix was placed in an ebonite mould, with metal top and bottom 
plates, and pressure was applied by a screw-press. The whole assembly was 
placed in an oven with a fan to keep the temperature constant, and a thermo- 
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couple was attached to the top plate of the press. A thermometer was also 
included to check the air temperature against the temperature on the plate of 
the press. 

The size of the rubber sample was that of the ordinary Schopper disc, 4.4 cm. 
in diameter and 4 to 5mm. thick. The mixes referred to above were made 
with and without sulfur to elucidate the cause of increase in conductivity during 
vulcanization. Figures 8 and 9 illustrate the effects with and without sulfur, 
using 47.5 parts gas black (Kosmos T) and acetylene black, respectively. The 
figures obtained with 40 parts showed similar effects, although of course in every 
case the conductivity was less. 

The chief points of interest to be noted are: (1) that no difference existed 
between the curves for gas black with and without sulfur, and (2) that there 
was considerable difference between the curves for acetylene black, with and 
without sulfur. 

Graph 10 is included for the sake of completeness, and represents the change 
in conductivity in the cured sheets from the mix containing 47.5 parts of gas 
black. The conductivity was measured in the plane of the sheets, and precau- 
tions were taken to eliminate surface leakage. The voltage was 120 volts, applied 
through a pair of wide spring clips 11.5 em. apart, the dimensions of the sheet 
being 13x 13x04 em. It will be seen that the bend in the curve occurs near 
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the ordinary tensile optimum for this mix, and this is the case with all the curves 
obtained for cured sheets. 

The curves obtained with acetylene black show a fall in conductivity after 
the 45-minute cure. These effects on cured sheets seem to differ from those 
obtained at vulcanizing temperatures, where the bend occurs in the case of 
Kosmos T and acetylene black at about 45 minutes, in spite of the lower tem- 
perature of cure in the oven described. 
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Fic. 10.—Conductivity of mix containing 47.5 parts of Kosmos T black. 
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Fic. 11.—Conductivity of ebonite mix. 


It. would appear that the electrical effects change with the temperature of the 
test, as also do tensile strength tests, in which case the optimum usually comes 
earlier when measured at elevated temperatures®. 

The last experiment was performed on the following special ebonite mix. 
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A cured ebonite can be obtained with this mix in 4 hours in the oven described 
above. Electrical conductivity was followed from start to finish and the results 
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are shown in Figure 11. Here again a distinet similarity is observed between the 
changes shown and those given in Figure 1 for the rubber-sulfur combination 
and dielectric constant. Of course, the soft rubber stage is passed quickly, owing 
to the presence of 5 per cent of mixed accelerators. 


CONCLUSIONS 


Considerable changes in electrical conductivity, as well as in other electrical 
properties, of rubber mixes occur during the process of vuleanization. 

The practical man will want to know the answer to such questions as: Are 
the tests reproducible? To what type of use could the test be put? 

The answer to the first question is that electrical tests are readily reproducible. 
There are, however, two main sources of trouble, first the electrode system and, 
secondly, the lack of uniformity in material submitted for test, due to different 
previous history. The first difficulty can be overcome either by moulding in 
the electrodes, as in the oven experiments described, or by using a test in which 
no electrodes are required, as in the eddy current test. The second difficuity 
involves checking the processing previous to vuleanization. ‘The following uses 
are suggested as an answer to the second question: checking processing by 
following cure on samples supposed to be the same; checking uniformity in 
rubber articles by tests on the finished products, e.g., a tire tread, without destroy- 
ing the articles concerned, and checking cure by making tests on small samples 
in the laboratory. 

These examples are given by way of illustration. No doubt others could be 
suggested. Finally, it must be said that, particularly on the processing side, 
further work needs to be done, and the results will be communicated at a later 
date. 

The author wishes to express his thanks to Imperial Chemical Industries, Ltd., 
in whose Rubber Service Laboratories the work was conducted, for permission 
to publish the results embodied in this paper. 
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DETERMINATION OF SCORCHING OF 
RUBBER AND SYNTHETIC COM- 
POUNDS BY USE OF THE 
MOONEY PLASTOMETER * 


Joun V. WEAVER 


MANHATTAN RUBBER Mra. Division, RAYBESTOS-MANHATTAN, INC., Passaic, N. J. 


Scorching has been one of the rubber compounder’s foremost troubles for 
many years. It is true that before the use of organic accelerators this trouble 
was practically unknown, inorganic accelerators such as magnesia and litharge 
causing little scorching difficulties. However, when the use of organic accelera- 
tors was ushered in, like every new development, troubles were encountered. 
Since the rate of curing was stepped up, the time and temperature necessary 
for vulcanization were decreased, and consequently the man at the mill, calen- 
der, or tube machine began to report burning troubles. Present day compound- 
ing technique and precautions have eliminated a considerable amount of scorch- 
ing; however, the modern demand for faster curing compounds and the 
improved physical characteristics obtained by the use of fast accelerator com- 
binations have left the compounder not entirely free from scorching difficulties. 

When a compound partially vuleanizes during processing operations or in 
bin storage, it is not only costly because of loss of materials and labor involved, 
but also because of the loss of time required to reprocess the compuond or 
to change it to insure safety in handling. It is, therefore, of great value to 
the compounder to have some method of studying the scorching characteristics 
of a compound, to determine its safety in processing before it is released for 
factory use. This paper is written with the idea of presenting a quick and reli- 
able method of determining the scorching characteristics of rubber and syn- 
thetic compounds by the use of the Mooney plastometer. 

The Mooney shearing-dise plastometer (ef. Ind. Eng. Chem. Anal. Ed. Gy147 
(1934) ) is familiar to the rubber compounder as an instrument for determining 
the plasticity of crude rubber, synthetics, and unvulcanized compounds; hdweéver, 
little has been mentioned of its use as an instrument for studying scorehing 
characteristics. 

The Mooney plastometer, as used for running scorch tests, is equipped with 
platen thermometers having a range up to 260° F, instead of those on the 
ordinary machine, which have a range of about 220° F. It consists essentially 
of two electrically heated platens, the top one being movable and having a lever 
closing device. There is a circular cavity with a knurled surface within the 
platens. Inside of the cavity is a removable, rotating disc which also has 
a knurled surface, the knurling in both cases being to prevent slipping. The 
disc is fastened to a vertical shaft which fits into a spindle carrying a worm 
gear. This worm gear engages another worm gear fastened to a rotating hori- 
zontal shaft. This shaft is free to move longitudinally. One end of the free 


* Reprinted from The Rubber Age of New York, Vol. 48, No. 2, pages 89-95, November 1940. This 
paper was awarded First Prize in the 1940 Essay Contest of the New York Group, Division of Rubber 
Chemistry of the American Chemical Society. It was presented before this Group on October 18, 1940. 
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moving shaft rides against a calibrated spring; the other end against a dial 
indicator. A toothed reduction gear drive wheel, mounted to the end of the 
free moving shaft, is free to move in a horizontal direction along an engaging 
pinion on the drive shaft from a synchronous a. c. motor. 

When the resistance to the rotating disc increases or decreases because of a 
change in plasticity in the sample, the increase or decrease in torque is trans- 
mitted to the free moving shaft, and causes it to move either one way or the 
other, the movement being measured by the dial indicator. The spring on one 
end of the free moving shaft is adjusted so that when the plastometer is run 
empty, the dial indicator reads zero. When the plasticity of the sample has 
increased sufficiently to cause a dial reading of 100, the test is complete. The 
time required to reach this reading is considered the scorching time. In rare 
‘ases a very stiff compound shows an initial plasticity reading of 100 or more, 
in which case the test is continued until a reading of 150 is reached. 

The speed of the rotating disc is only 2 r.p.m. and is constant, being driven 
by a synchronous motor. Therefore, when readings are taken at constant inter- 
vals of one minute, the disc is always in the same position. 


METHOD OF RUNNING SCORCH TESTS 


In running scorch tests, the plastometer is first closed, and the platens are 
heated to 250° F (the temperature chosen for the determination of scorching). 
When the thermometers show that each platen has reached 250° F, the machine 
is opened, and a piece of the sample to be tested, about 4-inch to 3-inch thick 
and 2 inches square, is placed in the cavity, both above and underneath the 
rotating disc. Samples of this size allow plenty for overflow from the cavity. 
The top platen is then lowered, and the sample is allowed to heat for one min- 
ute, after which time the electric motor is started and the disc begins rotating 
within the cavity in the platens, causing a very slow churning action of the 
sample. When the motor is started, the reading on the dial is recorded, and 
readings are taken every minute thereafter until a recording of 100 is reached. 
A stop-watch is used to record the time. To obtain a graphic picture of the 
scorching test, plastometer readings are plotted against time. 


DISCUSSION OF RESULTS 


Since this method of determining the scorching of rubber and synthetic com- 
pounds is based entirely on the measurement of the changes in plasticity at con- 
stant intervals of heating at a certain temperature, the picture of what hap- 
pens is best seen in the form of a curve made by plotting plasticity readings 
against time. In an effort to bring out the value of this test as a means of 
studying the scorching characteristics of various compounds, several typical 
illustrations are discussed. 

In the work presented here, a temperature of 250° F was chosen as a standard 
temperature for running the Mooney scorch tests. This temperature was selected 
because it seems to approach most nearly the temperatures encountered in 
mixing, extruding, and other factory processing operations, and also because 
250° F is not considered a very active curing temperature for most accelera- 
tors. As will be shown further in this report, if the temperature chosen is too 
high or too low, the effectiveness of the test may be lost. 
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USE OF THE MOONEY PLASTOMETER AS A MEANS OF DETERMINING THE 
SCORCHING EFFECT OF ACCELERATOR COMBINATIONS AND 
THE EFFECT OF A RETARDER 

Many desirable physical properties, such as good cold flow and good resilience, 
are obtained by using combinations of accelerators, that is, the use of one accelera- 
tor to activate another; however, such combinations are oftentimes dangerous 
in that they cannot be safely handled in the factory without scorching. The 
Mooney plastometer here lends a helping hand. The compounder may study 
the scorching effect of various accelerators and accelerator combinations before 
he releases the stock for factory use. An interesting illustration of this is shown 
on Curve Sheet 1. 
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CuRVE SHEET No. 1.—Scorch curves—pure gum stocks. 


Compound (A), an activated compound, from time to time caused trouble 
because of scorching. A change was therefore made in this stock to increase 
its safety in handling. The change was made by adding a retarder (salicylic 
acid) to Compound (A). This change eliminated scorching difficulties, and at 
the same time did not, to any extent, alter the physical properties. 

Now let us see how this change is shown by the Mooney-plastometer scorch 
test. Compound (A), as shown by Curve (A) on Curve Sheet No. 1, attained 
a plasticity reading of 100, which is considered the scorching point, in a little 
over 17 minutes. The plasticity decreased slowly for about 9 minutes, ran 
constant for 3 minutes, and then slowly began to increase. At 14 minutes the 
rise became steeper, and finally curved sharply upward to a reading of 100 
after 17 minutes. This curve shows that Compound (A) did not begin to 
show signs of cure until about 11 minutes and then set up slowly for about 3 or 
4 minutes, after which time the scorching point was quickly reached. 
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Let us now examine Curve (B) representing Compound (B). Here we find 
the plasticity decreasing slowly for about 17 minutes and then running con- 
stant for about 8 minutes, after which time it increases slowly for 9 minutes 
and then increases rather rapidly, although not as abruptly as (A), to the scorch- 
ing point after 40.5 minutes. The difference in scorching characteristics of these 
two compounds is clearly brought out by the Mooney-plastometer scorch test. 
Compound (A), as shown by Curve (A), scorched at 250° F in about 17 min- 
utes, while Compound (B) did not reach the scorching point until 40.5 minutes; 
in other words, (B) required nearly 2.5 times as long as (A) to scorch at 250° F. 
After one has become familiar with the Mooney scorch test, he will know by 
glancing at the curve sheet that Compound (B) is considerably safer to handle 
in the factory than Compond (A). Experience has shown that a compound, 
scorching in less than 10 to 12 minutes at 250° F, is in general, apt to cause 
burning difficulties, the susceptibility to scorching increasing as the time 
decreases. 

It is not always true, however, that a compound sorching in less than 10 to 
12 minutes at 250° F will cause trouble, for some compounds scorching in as 
short a time as 8 minutes at 250° F are used every day without much difficulty, 
if precautions are taken. On the other hand, a compound may have a scorching 
time longer than 12 minutes at 250° F, yet cause trouble in factory processing 
because of burning. Compound (A) is an example of this. Although this stock 
requires 17 minutes at 250° to scorch, it sometimes causes trouble. This may 
be explained, however, by the fact that this particular compound is extruded 
and the trim is remilled and again extruded. This excessive amount of mastica- 
tion at elevated temperatures causes scorching. In cases such as the one just 
cited it may be necessary to establish a safety scorching time at 250° F greater 
than 12 minutes to be entirely assured of freedom from scorching. 

Compounds (C) and (D) on Curve Sheet No. 1 show another means of 
converting Compound (A) to a safe handling stock. This is accomplished by a 
change in accelerators instead of by the use of a retarder. Compound (C) 
scorched in 34 minutes, whereas Compound (D), containing twice the amount of 
basic accelerator but less activation, did not scorch until 40 minutes. The effect 
of this change in acceleration on scorching is clearly indicated by the Mooney- 
plastometer scorch curves. 

The set of curves on Curve Sheet No. 1 would be valuable information to 
the compounder, since it would readily show him the increased safety from 
scorching obtained by making small changes in compounding. 

To compare this method of determining scorching with another method, a 
comparison has been made with the method of press-curing slabs of a com- 
pound for different periods of time at 220° F, and examining them for degree 
of cure. The data are tabulated on page 462. The compounds compared are 
the same as those previously discussed and shown on Curve Sheet No. 1. 
It is interesting to note that the Mooney scorch test gives results which 
fall in line with those shown by the press-cure scorch test at 220° F. In the 
press-cure test, Compound (A) cured in 120 minutes at 220° F; (B) in 180 
minutes; (C) in 135 minutes, and (D) in 180 minutes. These results compare 
favorably with the Mooney scorch tests which show (A) to scorch in a little 
more than 17 minutes at 250° F; (B) 40.5 minutes; (C) 34 minutes, and 
(D) 40 minutes. 

These two sets of results, although from different methods and at different 
temperatures, are in about the same order of magnitude, both clearly showing 
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the four compounds to scorch in the order (A), (C), (D), and (B). The Mooney 
plastometer test, however, is a more rapid and more convenient method for 
determining scorch characteristics. The results can also be interpreted more 
easily, since a glance at the scorch curves readily gives a complete picture of 
the susceptibility to scorching. 

This first illustration shows the value of the Mooney-plastometer scorch test 
to the compounder in determining just what types of acceleration are apt to 
‘ause scorching troubles, and it gives a clear cut picture, both of the effect of 
accelerator changes and of the use of a retarder on the scorching characteristics 
of a rubber compound. 

In discussing the compounds in the above illustration, very little stress has 
been laid on the accelerator compositions and changes, since this paper deals 
with a method of testing rather than of compounding. It might, however, be 
interesting to know that the physical properties of each of the compounds just 
discussed have been approximately the same. 


A CoMPARISON OF THE Moonry PLASTOMETER ScorcH Test At 250° F Vs. 
A Press-Cure Scorcu Test at 220° F 


Press-Cure Scorch Test at 220° F 





“Compound Compound Compound Compound 
A B C 
PE OO esc Shoe Uncured Uncured Uncured Uncured 
DORI: 2c can dtoncocaas Slight cure Uncured Uncured Uncured 
CT eee Slight cure Uncured Uncured Uncured 
UD NED en cera i Cured Uncured Slight cure Uncured 
ES eee eee Slight cure Cured Slight cure 
LOS eee Slight cure Slight cure 
PPR sic ck Sc horec-« Slight cure Slight cure 
OES as Sime SicKwie%s Cured Cured 


Mooney Scorch Test at 250° F 


Compound Compound Compound Compound 
A B C D 





Time in minutes for 
scorching to occur... 17.2 40.5 34 40 


Note: The compounds referred to in this table are the same as those shown on Curve Sheet No. 1. 


THE RELATIONSHIP OF SCORCHING (AS SHOWN BY THE MOONEY 
PLASTOMETER) TO THE RATE OF CURING 


The compounds of a V-belt furnish interesting data on the rate of curing 
and in this discussion it has been attempted to find the relationship between 
scorching and the rate of curing of these compounds. In an article such as a 
V-belt, composed of several compounds and of considerable thickness, it is 
often necessary that the rate of curing of the different compounds be stepped 
somewhat so that the outside does not become overcured before the center. 
This is shown by the rate-of-curing curves on Curve Sheet No. 2. 

Beginning with the innermost part of a V-belt, we have the base gum, which 
comprises the greatest part of the belt. One would, therefore, expect this com- 
pound to be the fastest curing, and this is true, as shown by the rate-of-curing 
curves on Curve Sheet No. 2. The base gum reaches its optimum cure in 7.5 
minutes at 295° F. The tie-gum around the cords is found to be the next in 
rate of curing. It reaches its optimum cure in 10 minutes at 295° F. As we work 
our way outward in the V-belt construction, we find the cover skim next to 
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the tie gum in rate of curing. This compound reaches its optimum cure in 12 
minutes at 295° F. The cover friction, as would be expected, is the slowest 
curing, reaching its peak cure in 13 minutes at 295° F. 

Now let us look at the Mooney scorch curves and see if there is any rela- 
tionship between the rate of curing at 295° F and the rate of scorch at 250° F. 
Glancing at the Mooney scorch curves, one immediately finds that there is, in 
this particular instance, a definite relationship between scorch and rate of curing. 
The base gum compound which was just pointed out as having the fastest rate 
of curing at 295° F also scorches in the least time at 250° F. It reaches the 
scorching point in about 9.5 minutes. The tie gum which is second in rate of 
curing is also second in rate of scorching. It attained the scorching point in 
13.5 minutes. The cover skim is the third compound in the order of scorching, 
just as it is third in rate of curing. It scorched in a little less than 18 minutes. 
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CURVE SHEET No. 2. 


The cover friction was last in reaching the scorching point and was also the 
slowest curing; it scorched in 22 minutes. This comparison of scorching time 
versus rate of curing was very interesting, the relationship in this instance being 
quite marked. 

Let us now compare more closely the Mooney scorch curves of each com- 
pound with the corresponding rate-of-curing curves: The rate-of-curing curve 
for the base-gum compound slopes slightly from the initial 5-minute cure to 
the peak cure at 7.5 minutes. This tends to show that the base gum is fast 
curing, and reaches its optimum cure soon after vuleanization begins. This is 
also shown by the scorch curve. Here we see that the length of time between 
the first signs of cure and the scorch point is only about 3.5 minutes, the curve 
taking an abrupt sweep upward soon after vulcanization begins. The same 
relationship holds for each compound. The slope of the rate-of-curing curve, 
to the optimum cure point for the tie gum compound, is slightly steeper than 
that of the base-gum stock. This is shown equally as well by the Mooney scorch 
curve. The slope of the scorch curve from the point of the first indication 
of cure to the scorching point is less abrupt than the corresponding part of the 
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scorch curve for the base gum. The time elapsed between these two points is 
about 5 minutes, compared to 3.5 minutes for the base-gum compound. 

This same comparison can be made for the cover skim and cover friction 
compounds. The slope of the rate-of-curing curve to the optimum cure point 
of the cover skim compound is quite steep compared with the corresponding 
slopes of the rate-of-curing curves of the base gum and tie gum compounds. 
The scorch curve of the cover skim shows a much less abrupt sweep from the 
point of first noticeable cure to the scorch point. The time elapsed between 
these points is about 9 minutes, compared to 3.5 and 5 minutes for the base 
gum and tie gum stocks. The rate-of-curing curve of the cover friction com- 
pound shows a steeper slope to the point of optimum cure than the skim com- 
pound. The scorch curve of the cover friction shows the same relationship, 
since the time between the point of first noticeable cure and the scorch point 
is approximately 13 minutes, compared to 9 minutes for the skim compound. 

The comparison of the Mooney scorch curves and rate-of-curing curves of 
these V-belt compounds shows some interesting facts. In this particular case. 
one could visualize from the slope of scorch curves the approximate slope of 
the rate-of-curing curve to the point of optimum cure. This has been shown 
by the preceding comparisons. For instance, in the case of the base-gum com- 
pound, the time between the point of first detectable cure and the scorch point 
is small, viz., only 3.5 minutes. On examining the rate-of-curing curve to 
the optimum point of cure, we find that it slopes very slightly. In the same 
way we could construct a picture of the approximate slope of the rate-of-curing 
curves to the optimum cure point for the other compounds. The scorch curve 
of the cover friction shows a long lapse of time between the first detectable 
point of cure and the scorching point. One would, therefore, after making the 
foregoing comparisons, expect to find a steep sloping rate-of-curing curve from 
the initial curing time to the optimum time of cure. This deduction is correct, 
as the curve sheet shows. 

There is a relationship between the scorching characteristics and the rate of 
euring which has been shown in the foregoing discussion. It is evident that 
one may draw some very helpful conclusions from these sets of curves; how- 
ever, before one can make a generalized statement as to the relationship between 
the rate of scorching, determined by the Mooney scorch test, and the rate of 
curing, considerable work is necessary, since various accelerator combinations 
might act differently, and the temperature at which the rate of curing is deter- 
mined might cause a variation in the relationship. An investigation of this 
relationship would no doubt bring out some very stimulating facts and would be 
worthy of recognition. 


THE MOONEY SCORCH TEST RUN AT DIFFERENT TEMPERATURES 


Curve Sheet No. 3 shows the Mooney plastometer scorch curves of two com- 
pounds at different temperatures. Compound (N) is a soft Neoprene com- 
pound; (R) is a rubber compound. The Mooney scorch test has been run 
at several different temperatures to show the effect of temperature on the 
seorching characteristics. Let us first discuss the seorching characteristics of 
these two compounds at a low temperature, represented by 212° F. 

The curve sheet shows us that scorching at 212° F takes place very slowly. 
Rubber compound (R) runs along at a constant plasticity for nearly 55 min- 
utes, and then increases fairly rapidly to the scorching point. The scorching 
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time is a little over 90 minutes. The Neoprene compound (N) runs along at a 
constant plasticity for about 40 minutes, and then very gradually the plasticity 
increases until the scorching point is reached. The scorching time in this case 
is 268 minutes. At 212° F one can readily see that the rate of scorching is very 
slow, and for the average compound the scorch test run at 212° F would be a 
long and tedious task. 

At 230° F we find scorch curves which are quite similar to those at 212° F, 
but their slopes are more abrupt, and the time required for scorching has been 
decreased considerably. Rubber compound (R) now runs along at a constant 
plasticity for only about 15 minutes, and then the curve sweeps upward more 
abruptly to the scorching point than it did at 212° F. The scorching time has 
decreased from 90 minutes at 212° F to approximately 30 minutes at 230° F. 
Neoprene compound (N) shows a scorch curve at 230° F considerably steeper 
than at 212° F; however, scorching still takes place by a gradual increase. The 
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Curve SHEET No, 3.—Scorch curves at various temperatures. 


scorching time has been decreased from 268 minutes at 212° F to 120 minutes 
at 230° F. 

A temperature of 230° F more nearly approaches an ideal temperature for 
running scorch tests. It is, however, still a little low, since the time necessary 
to cause scorching of these compounds is still too long to make this a quick, 
efficient test. Experience has shown that 250° F is a good standard temperature 
for running Mooney scorch tests. 

At 285° F, an active curing temperature, one can readily see from the curve 
sheet that scorching takes place so rapidly that a clear picture of the scorch- 
ing characteristics cannot be obtained. It is therefore desirable to run scorch 
tests at a temperature somewhat lower than the active curing range. 

Curve Sheet No. 3 shows some typical Mooney scorch curves at low, medium, 
and high temperatures. It also shows that the effectiveness of this test may 
be lost by running it at too high or too low a temperature. In passing, it is 
interesting to note the difference between the type of scorch curves of the rubber 
and Neoprene compounds at 212° F and 230° F. The rubber compound shows 
no signs of curing for some time and then quite abruptly, when vulcanization 
begins, sweeps upward to the scorch point. The Neoprene compound reaches 
the scorch point by a slow increase in plasticity. The curve shows a very 
gradual increase from the point of the first noticeable cure to the scorch point 
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instead of showing an abrupt sweep upward soon after vulcanization begins. 
This difference is, no doubt, due to slow polymerization of Neoprene at these 
temperatures. 


DETERMINATION OF THE SCORCHING CHARACTERISTICS OF NEOPRENE 
COMPOUNDS BY USE OF THE MOONEY PLASTOMETER 

The Mooney plastometer scorch test lends itself as readily to the determina- 
tion of the scorching characteristics of Neoprene compounds as it does to rubber 
compounds. Curve Sheets No. 4 and No. 5 show typical Mooney scorch curves 
of some Neoprene stocks. On Curve Sheet No. 4 the scorching characteristics 
of Neoprene Type E are compared to those of Neoprene Type G. Compounds 
(P), (P-1), and (P-2) are similar compounds except for a change in the type 
of Neoprene and a slight change in the amount of softeners. Compound (P) 
contains Neoprene Type E; Compound (P-1) contains 50 parts of Neoprene 
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Curve Sueet No. 4.—Scorch Curves—Neoprene Type E vs. Type G. 


Type E and 50 parts of Neoprene Type G, and Compound (P-2) contains 
Neoprene Type G. The Mooney plastometer scorch test gives a very good 
comparison of these two types of Neoprene. 

Compound (P-2) mixed with Neoprene Type G scorches in about 10.5 min- 
utes at 250° F. The scorch curve shows that polymerization begins very quickly 
at 250° F. The first sign of curing is noticed at approximately 3 minutes. 
The rate of curing continues slowly for another 3 minutes, and then the curve 
sweeps upward quite abruptly, reaching the scorching point in 10.5 minutes. 
Compound (P-1) shows the effect on the rate of scorching of substituting 50 
per cent of Neoprene Type E for Neoprene Type G. The length of scorching 
time has been increased by this substitution. The scorch curve of Compound 
(P-1) has flattened out somewhat, and the slope of the curve to the scorching 
point is more gradual than that of the (P-2) curve. The rate of polymeriza- 
tion at 250° F has been reduced by substitution of 50 per cent of Neoprene 
Type E for Neoprene Type G, and the scorching time increased from 10.5 min- 
utes for Compound (P-2) to about 15.5 minutes for Compound (P-1). 

When we examine the scorch curve for Compound (P) which was mixed with 
Neoprene Type E, we find a marked increase in scorching time over that of 
both (P-1) and (P-2). This test was not run to the completion of scorching; 
however, after 20 minutes, it can plainly be seen that the slope of the curve 
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is just beginning to increase at a faster rate, and at least several minutes more 
would be required to reach the scorching point. The scorch curve of Com- 
pound (P) has a much more gradual slope than the scorch curves of either 
(P-1) or (P-2), showing that the rate of polymerization at 250° F is much 
slower. The curve of Compound (P) shows that polymerization does not begin 
for nearly 8 minutes, compared to 3 minutes for (P-2) and 4 minutes for 
(P-1). The rate of curing is then very slow for another 8 or 10 minutes, after 
which time it increases somewhat. 

The curves bring out the scorching characteristics of Neoprene Type E 
versus Neoprene Type G very clearly. They show that at 250° F polymeriza- 
tion of Neoprene Type G is considerably faster than that of Neoprene Type E. 
It has also been shown that a partial substitution of Neoprene Type E for 
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Curve Subvet No. 5—Effect of pine tar on the scorching of Neoprene Type E. 


Neoprene Type G decreases the susceptibility toward scorching. The reality 
of these scorch curves is borne out by practical results. It is commonly agreed 
that. Neoprene Type G causes more scorching troubles than Neoprene Type E. 
Curve Sheet No. 5 gives another illustration of the use of the Mooney 
plastometer for determining the scorching characteristics of Neoprene com- 
pounds. This test serves as a quick method for determining the activating effect 
which some ingredients have on the scorching characteristics of Neoprene. The 
scorch curves here show the activating effect of pine tar on Neoprene Type E. 
Compounds (N-1) and (N-2) are the same except for the substitution, in 
Compound (N-2), of cottonseed oil and soft Cumar for pine tar. The scorch 
curves show that pine tar does activate the scorching of Neoprene Type E. 
Compound (N-1) containing 8 per cent of pine tar (by weight of Neoprene) 
seorches in 8.5 minutes, while Compound (N-2) in which 4 per cent of cotton- 
seed oil and 4 per cent of soft Cumar have been substituted for the pine tar, 
scorches in a little over 17 minutes. Pine tar seems to activate the rate of 
polymerization, which begins very soon after the test is started, as shown by 
Curve (N-1), the first detectable signs of cure occurring at 2 minutes. Com- 
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pound (N-2), without pine tar, shows no signs of polymerization until 10 min- 
utes, the rate of increase of curing then being considerably slower than that 
of (N-1). 

The two foregoing illustrations show the value of the Mooney scorch test in 
studying the scorching characteristics of Neoprene compounds. Such a test is 
very useful to the compounder, since it gives him a foreknowledge of just how 
touchy a compound is; therefore he may use precautions accordingly and pos- 
sibly avoid burning in factory processing. 


SUMMARY 


There are in use today several methods for determining the scorching point 
of rubber and synthetic compounds. Some compounders use the Williams plas- 
tometer method, while others press-cure a thin slab of compound for increas- 
ing periods of time at 220° F or thereabouts until an examination of the slab 
shows that vuleanization has taken place. Another method consists of heat- 
ing several pieces of the compound in an oven and removing at constant inter- 
vals until the compound scorches. The test-pieces in the latter method are 
quite often sheeted out on a mill to determine if any vulcanization has taken 
place. These methods all give good indications of the scorching point; how- 
ever, each one is a rather long and tedious test. 

The Mooney plastometer scorch test cuts down the time considerably and 
gives a picture of the scorching rate, when the plasticity is plotted against the 
time. It is necessary, as a rule, to run this test only 10 or 12 minutes at 250° F 
to determine just how scorchy a compound really is, while the other methods 
cited sometimes require an hour or more to determine the scorching characteris- 
tics. It is desirable also to express the results of any test in the form of a graph 
or curve, so that one may make comparisons more easily without reviewing a lot 
of data. 

The Mooney scorch test gives results which can be plotted in the form of a 
curve, which also shows some very interesting facts aside from the scorching 
characteristics. The plasticity of the compound, the point at which vuleaniza- 
tion begins, and the rate of vuleanization after it begins, are shown. Sum- 
marizing the advantages of this test in a few words, one can say that it affords 
a quick, convenient method for determining scorching characteristics, and that 
it gives a clearer and more informative picture of scorching than other methods 
used today. 

Just a few illustrations demonstrating the use of the Mooney plastometer 
as an instrument for determining scorch have been given in this report. They 
do, however, point cut the value of this test in the following ways: 

(1) The Mooney scorch test gives a quick method for studying the effect 
of various accelerators and accelerator combinations on the scorching charac- 
teristics of rubber compounds. It can also be used to show the effect of a 
retarder with various accelerators, and the effect of any other compounding 
change which might have a bearing on the scorching characteristics. 

(2) The Mooney scorch test may be used to show the relationship between 
scorching and rate of curing. As has been pointed out, there appears to be a 
definite relationship; however, before any general statements can be made, a 
considerable amount of work would be necessary. In the particular example 
cited here (Curve Sheet No. 2), one could visualize, from the shape of the 
Mooney scorch curves, the rate of curing of these compounds from the first 
signs of vulcanization to the peak cure. 
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(3) The Mooney plastometer may be used to show the effect of temperature 
on the rate of scorching. It has been pointed out that experience has shown 
that 250° F is a good standard temperature for running Mooney scorch tests. 

(4) The compounding of Neoprene may be studied with respect to scorching 
characteristics by use of the Mooney plastometer. 

This paper has been presented with the idea of showing a rapid and reliable 
method of determining the scorching characteristics of rubber and synthetic 
compounds by use of the Mooney plastometer. Many compounders may be 
using the Mooney plastometer every day for determining plasticity, yet the 
use of this instrument for studying scorching properties may be new to them. 
This method has been successfully used for several years, and its results have 
been found to be dependable. 
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POSSIBILITIES OF UTILIZING THE POLAR- 
OGRAPHIC METHOD IN RUBBER 
LABORATORIES. I* 


G. PRosKE 


WALTERSHAUSEN, THURINGEN, GERMANY 


The range of problems encountered by a laboratory in the rubber industry 
today is so great that only a very small proportion of the time is available 
for purely analytical investigations, such as the control testing of raw materials. 
It has now reached the point where it is necessary most of the time to con- 
fine the laboratory work to the urgent investigations, for analytical procedures 
now in common use are lengthy and tedious. 

This disadvantage can be overcome effectively by employing, to a much 
greater degree, rapid analytical methods based on physico-chemical principles. 
These methods have been developed to a remarkable degree, especially during 
the last ten years, and are now being employed to some extent in rubber labora- 
tories. Among the methods already adopted by these laboratories are poten- 
tiometry, fluorescence analysis, and colorimetry with photo cells. Less well known 
is the electrochemical method—socalled polarography—which is the subject of 
the present paper. This method is particularly well adapted to the rubber 
laboratory, for it makes possible the analysis of inorganic and organic sub- 
stances in a minimum of time and with a high degree of precision. For these 
reasons it has been used for the last ten years in industries other than the 
rubber industry. That it has not been used to the same extent in the rubber 
industry appears to be due, above all else, to the fact that the laboratories of 
the rubber industry have not yet realized the advantages of the polarographic 
method. In addition, none of the investigations which are obviously necessary 
to an understanding of polarography by rubber laboratories have been pub- 
lished. In the present paper, the author has made an attempt to make up for 
this lack of knowledge, and at the same time to give deserving publicity to an 
excellent, reliable and rapid method. 


ELECTROCHEMICAL PRINCIPLES OF THE METHOD 


The polarographic method, or as it is called briefly, polarography, was devel- 
oped in the course of systematic and painstaking investigations by Heyrovsky and 
his collaborators in Prague.t This method is based on the following electrochemi- 
eal concepts. 

When an increasing electric potential, starting at 0 volts, is applied to a solu- 
tion of an inorganic substance, such as zinc oxide in hydrochloric acid, by means 
of specially constructed mercury electrodes, it is found that, up to a definite 
voltage, no current at all flows through the solution because of the overvoltage 
which appears on the mercury. Only when this critical voltage is reached, which 
is approximately 0.1 volt in the case of zine oxide, does a current flow through 
the solution. With increase in voltage, this current first continues to increase, 





* Translated for RuBBeR CHEMISTRY AND TECHNOLOGY from Kautschuk, Vol. 16, No. 1, pages 1-5, 
January 1940; No. 2, pages 13-17, February 1940. 
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but finally reaches a constant value. Figure | shows the relation between current 
and applied voltage. 

The current-voltage graph, as shown in Figure 1, shows a socalled polarographic 
step. This has two characteristics. 

(1) The voltage at which the current begins to increase is characteristic 
of the substance measured; e. g., the polarographic step for copper begins at 
0.1 volt, the polarographic step for manganese at 1.5 volts. Accordingly it is 
possible to decide, from the voltage at which the step commences, 7. e., from 
the socalled depolarization potential, what the substance in question is. 

(2) The height of the step, 7. e., the distance between the two horizontal 
branches of the curve, is, in most cases, a measure of the concentration of the 
substance being analyzed; in fact this height is directly proportional to the 
concentration. With many substances, therefore, it is sufficient to make a single 
standard recording by means of the polarographic apparatus to be able subse- 
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quently to know directly the concentration of the substance in question from 
the height of the polarographic step. 

The behavior of substances in solution at the mercury electrodes, described 
ttbove, depends on the extraordinarily high polarizability of these electrodes. 
The smaller the surface area of the electrodes, the more nearly complete is this 
polarization. Accordingly the cathode, on which most of the phenomena de- 
scribed take place, is mercury, which enters dropwise from a fine glass capil- 
lury into the solution. To avoid disturbing phenomena at the anode, the latter 
is constructed with a large and practically nonpolarizable surface. 

Without entering further into the theory of polarography, the practical method 
of obtaining current-potential diagrams of the kind mentioned will be described. 


THE POLAROGRAPHIC APPARATUS AND THE ANALYTICAL TECHNIQUE 


In contrast to most analytical methods, the polarographic method has the 
great advantage that the measurements are completely automatic, and the results 
are registered photographically. To begin a measurement, it is necessary only 
to adjust the apparatus, correctly, which then carries out the measurement 
automatically, recording the current-potential curve in the form of a photo- 
graphic diagram. After the measurement is completed, which requires from three 
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to six minutes, the photographic paper is developed, and the resulting curve 
can be evaluated immediately. 

The principles of the apparatus, with its electrical connections, are shown 
diagrammatically in Figure 2. 

The potential of the accumulator A is applied to the cylindrical bridge W, 
which is rotated by motor M. The voltage supplied to the dropping-mercury 
electrode is carried from the cylindrical bridge by the sliding contact K. The 
current passing through the electrolysis cell E, which contains the solution under 
investigation, is measured by a sensitive mirror-galvanometer G. The cur- 
rent flowing through the galvanometer can be changed at will by means of a 
specially constructed resistance device V. The beam of light, from the source 
of light L,, which falls on the mirror of the galvanometer passes through a nar- 
row slit in the recording drum R, and falls on sensitive photographic paper within 
this drum. This drum R is connected with the cylindrical bridge by a cogwheel 
transmission in such a way that the drum makes one complete rotation while 
the sliding contact K traverses the entire surface windings of the cylindrical 
bridge W. With each complete rotation of cylinder W, the slit in recording 
drum R is illuminated by the source of light L,. In this way the voltage at the 
particular moment is recorded on the photographie paper. 

The apparatus which has been described represents only the simplest possible 
assembly, and the polarographs*? which have been developed for industrial use 
involve in part very complicated electrical connections*. Figure 5 shows a simple 
polarograph, designed for industrial use, which was used by the author in his 
investigations. , 

In this apparatus, the electrolysis potential is derived from two rotary poten- 
tiometers, one of which is for the purpose of adjusting the electrolysis voltage 
at which it is desired to begin the recording within the range of —2 to 2 volts. 
It is also necessary to have a 4-volt accumulator connected to the apparatus. 
The other potentiometer is rotated by a built-in motor, and covers 2 range of 
2 volts. In addition to these features, the apparatus includes sensitivity control, 
whereby the sensitivity of the galvanometer can be changed within a range of 
1: 2500 in twenty-two steps. To avoid the inconvenience of adjusting the instru- 
ment each time a new glass capillary is installed, the instrument is equipped 
with a device which makes it possible to adjust the step on the diagram to any 
height desired. 

By using the support for the electrolysis apparatus shown in Figure 4, the 
disagreeable task of manipulating the mercury is avoided in the simplest way. 
With this arrangement it is almost impossible to spill any mercury, nor is injury 
of the fine glass capillary at all likely. With a view to minimizing the consump- 
tion of merecury—only the most highly purified mercury can be used—the elec- 
trolysis cell shown in Figure 5 was constructed. This proved to be very 
satisfactory. 

On the bottom of the cell is a layer of mercury, which serves as the anode. 
The cell is then filled two-thirds full with 1/1 normal potassium chloride, and 
into this electrolyte is inserted a small receptacle which contains the solution 
to be measured. The current enters through a diaphragm cemented to the 
receptacle containing the solution, without the two solutions coming in contact 
with one another. The mercury in this electrolytic cell and the potassium 
chloride solution need to be renewed only occasionally. 

The current-voltage curves obtained by means of this apparatus are of the 
type shown in Figure 6. This particular diagram gives the current-voltage 
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curve—the socalled polarograph—of a solution of litharge in sodium hydroxide 
solution, which has been photographed at various sensitivities. The small fluctua- 
tions in the current, which are evident on the curves in every case, and which 
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follow in precise rhythm the drops of mercury, are attributable to the fact that 
the current is broken each time a drop of mercury separates from the glass 
capillary. The current strength then increases again in proportion to the size 
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of the newly formed drop of mercury. These fluctuations in the strength of 
the current would be much more evident in the polarograph if the galvanometer 
were not equipped with an excellent damping device. These fluctuations can be 
still further diminished, and better polarographic photographs be obtained, 
if before the polarographic photograph is taken, hydrogen is passed for about, 
twenty minutes through the solution. This removes oxygen dissolved in the 
solution and thereby eliminates any disturbing effect of this oxygen on the 
polarograph, caused by its electrolytic reducibility. However, in the interest 
of a simple rapid procedure, the tendency is to avoid this treatment, and in 
most cases this is practicable. All the polarographs shown in the present work 
were obtained without any treatment of the solutions with hydrogen. 

The polarographic method has three advantages which only a few analytical 
procedures possess: 

(1) Not only many inorganic, but also organic, substances can be determined 
polarographically. 

(2) Several substances can be determined at the same time by one photograph. 

(3) Polarographic analysis is completely automatic and, therefore, the personal 
factor is completely eliminated. 

Inorganic and organic substances can be identified only if certain conditions 
are fulfilled. In the first place, the substance must be in true solution; further- 
more, it must be capable of being reduced at the dropping-mercury electrode. 
As solvents, water, ethyl alcohol and, for the organic substances used in rubber 
laboratories, acetone, methyl alcohol and chloroform, are useful. The solutions 
to be measured may contain precipitates or colloidal dispersions of foreign 
substances for these do not have any adverse effect on the determination, pro- 
vided that separation of the drops of mercury is not hindered. 

Only 0.5 to 1.0 cc. of solution is required for a polarographic analysis, the solu- 
tion is practically unaffected by having been subjected to this analysis, so if, 
‘an be safely used for any further investigation which is desired. The sensitivity 
of the method is so great that inorganic cations in 10-° normal solution can be 
determined directly. In some cases it is possible to determine substances even 
when they are in 10-* or 10-7 normal solution. 

In the case of organic substances, the sensitivity of the method is in general 
somewhat less, but 10°* molar solutions can nevertheless be analyzed. The pre- 
cision of the measurements is + 2 to 3 per cent, 7. e., approximately as great as 
most titration methods. As already mentioned, only a few minutes is required 
for making an actual polarographic photograph. Somewhat more time is re- 
quired for the preliminary work and for evaluating the results; nevertheless a 
complete analysis does not require at the most more than one hour. In a series 
of measurements, in which case the polarographic method is especially con- 
venient, the time for an analysis can be reduced to about twenty minutes. Finally 
it should be pointed out that the polarographic method can be used without 
difficulty by every laboratory worker after a little practice. A more detailed 
description of the analytical technique and of the features of the polarographic 
method in general can be found in the excellent publications of Holm*® and 
other authors’. 


POSSIBLE APPLICATIONS IN RUBBER LABORATORIES 


In the rubber laboratory, polarography is of use in two ways: 

(1) For testing the purity of raw materials. 

(2) For the qualitative and quantitative analysis of compounding ingredients 
in vuleanized rubber. 
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INORGANIC SUBSTANCES 


An inorganic ingredient which is to be found in almost all rubber mixtures is 
zinc oxide. This can be determined easily by the polarographic method, both as 
a raw material, which is tested for its purity, and also as an ingredient in vul- 
canized rubber, the zine oxide content of which it is desirable to determine. 

Approximately 0.1 gram of zine oxide is dissolved in 10 ce. of 2-normal hydro- 
chlorie acid, warming if necessary; 25 ec. of concentrated ammonium hydroxide 
is added’, and the solution is made up with water to a volume of 250 cc. in a 
measuring flask. A few cubic centimeters of this solution is used for the polaro- 
graphic determination. After taking the photograph, the photographic paper 
is developed, and the height of the step is measured. With this value, and with 
a standard curve which is obtained from chemically pure zine oxide, and which 
is a straight line over a wide range of concentrations, the zine oxide content of 
the solution under investigation can be read directly. 

The polarographic photograph gives still more information. For example, if 
zine oxide contains impurities which are reduced electrolytically more easily 
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Fic. 7.—-Polarograph of zine oxide containing lead. 


than zine oxide, these impurities will be evident on the current-voltage curve. 
Lead is a frequent impurity in zine oxide, and may show itself in a trouble- 
some way in light colored rubber mixtures. Figure 7 shows a polarogarph of zine 
oxide containing lead. 

To be able to detect clearly the presence of lead, which naturally is present 
in far lower concentration than zine, the sensitivity of the polarographic appara- 
tus must be made much greater for the determination of lead than for the 
determination of zine. For this reason, in Figure 7 the upper curve, which 
shows the lead step at approximately 0.5 volt, was recorded with a sensitivity 
fifty times as great as that of the lower curve which represents zinc. 

To determine zine oxide in vulcanized rubber, several grams of sample is 
ineinerated, the ash is dissolved in dilute hydrochloric acid, and the same pro- 
cedure is followed from this point as before. In this way, not only zine oxide 
hut also lithopone and Sachtolith can be determined. 

An important determination which must frequently be carried out in rubber 
laboratories is that of substances injurious to rubber, among which copper, 
manganese and ferrous iron are of outstanding importance. A wide variety of 
methods has been employed to determine these heavy metals, among which 
may be mentioned colorimetric, spectroscopic and gravimetric methods. All 
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three of these metals can be determined very simply and precisely by the 
polarographic method. In this case the method is of special advantage in 
that it is possible to work with very low concentrations of the substance under 
investigation. With the very small quantities of these poisons which are usually 
present in rubber, this sensitivity makes it far easier to determine them. The 
precision which can be attained polarographically is probably considerably 
greater than that possible with most colorimetric methods. 

Copper is determined in an ammoniacal solution such as that used in colori- 
metric determinations. Likewise an ammoniacal solution containing ammonium 
chloride is suitable for determining manganese. Manganese must be present in 
the form of a bivalent manganous salt, and therefore oxidation by PbO, to 
permanganate, which is necessary in colorimetric determinations, is omitted. 
Figure 8 shows a polarograph of copper and manganese in ammoniacal solution. 
The copper step is at approximately 0.5 volt, the manganese step at approxi- 
mately 1.6 volts. Both metals can therefore be determined directly when pres- 
ent together. Advantage cannot, however, be taken of this when preliminary 
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Fia. 8.—-Polarograph of ammonium hydroxide containing copper and 
manganese. 


decomposition, which is different for copper and manganese, is necessary, as is 
true in most cases. However, even in this case, a suitable method can doubtless 
be found whereby it will be possible to determine the two metals simultaneously. 

In determining ferrous compounds, it is necessary that the solution be as 
nearly neutral as possible and be free of chlorides. Ferric compounds do not 
disturb the determination. 

Only a few of the inorganic materials which are met with in rubber labora- 
tories cannot be determined by the polarographic method. Magnesium, which 
is used extensively in the forms of magnesium oxide and magnesium carbonate, 
is among these exceptions. Also calcium and the other alkaline earth metals 
ean be determined polarographically only in an uncertain way, whereas the 
heavy metals, which are sometimes present as impurities, are readily 
determined. 

Besides mixtures of ingredients, other materials occasionally tested in rubber 
laboratories can be determined by the polarographic method, e. g., the chromium 
content and the impurities in chrome yellow, and the thickness of the zine coat- 
ing on a zine-covered iron wire. 

It is beyond the range of the present paper to discuss all possible applica- 
tions of the polarographic method for determining inorganic substances. How- 
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ever, the special importance of the method in the cable industry might be 
pointed out, for it makes possible the most rapid analysis of almost every alloy 
and of almost all metals. Satisfactory directions for the investigation of these 
materials are in some cases already available. 


ORGANIC SUBSTANCES 


The polarographic method is of particular importance in the analysis of 
organic compounds which otherwise can be analyzed only with difficulty. Of 
course it is not always easy to find suitable experimental conditions for earry- 
ing out the polarographic determinations of some of these materials. One diffi- 
culty, for example, lies in the fact that most organic compounds are insoluble in 
water, and it is difficult to find a solvent so that solutions may be obtained 
which show the same effect of overvoltage at the mercury electrode as an 
aqueous solution, and which at the same time conduct the current well. In this 
case recourse must be had to mixtures of solvents, such as water-aleohol, water- 
acetone, water-dioxan, and more complicated mixtures, such as water-methyl 
alcohol-chloroform. 

Subsequent to extended investigations by the present author and Winkel § 
of a general nature on the behavior of organic substances at the dropping- 
mercury electrode, the work was continued with a study of the possibility of 
determining by the polarographic method the various organic materials used 
in the rubber industry. This investigation has led to some interesting results, 
which will be described in detail in the following pages. 

In general it is possible to foresee whether or not an organic compound can 
be determined polarographically. The organic molecule must contain an elec- 
trolytically reducible atomic group, such, for example, as a nitro (NO,) group, 
or a carbonyl (CO) group. It is also possible to reduce electrolytically com- 
pounds with the characteristic group: 

=N—C—S— 
| 
S 
which is present in numerous accelerators, e. g., in tetramethylthiuram disulfide, 
and in dithiocarbamates. This gives a basis for the analytical determination of 
vuleanization accelerators by the polarographic method. 

An exact analytical method for the determination of vulcanization accelerators 
is still more important because, up to the present time, there have been almost 
no satisfactory methods for this purpose. Aside from the method of detecting 
organic accelerators by determining the nitrogen content of the acetone extract— 
a method which is wholly inadequate and uncertain in view of present-day 
developments—very little useful information on this subject is to be found in 
the literature. Twiss and Martin ® give a few qualitative reactions of vuleaniza- 
tion accelerators, and much more recently certain color reactions of accelerators 
with cobalt oleate have been described by Shimada!'®. However, the practical 
application of these latter reactions appears to be very doubtful. 

Compared to this, the polarographic method offers a far more promising 
outlook. 

In earlier work by Winkel and the present author’, it was shown that the 
electrolytic reducibility of organic compounds depends greatly on the hydrogen 
ion concentration of the solution. Figure 9 shows an example of the dependence 
of the polarization potential on the pH value of a solution of diacetyl. 
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It is especially noteworthy that, at a pH value of approximately 4, the 
depolarization potential changes abruptly—a phenomenon which still needs to 
be explained. In this pH range, two steps appear simultaneously. 

Moreover, the height of the step changes greatly with changes in the hydrogen 
ion concentration of a solution, as is evident from the results obtained with 
acetophenone, shown in Figure 10. 

The experiments with accelerators which are to be described were carried 
out, with due regard to the dependence of the results on the pH value, in 
four different pH ranges altogether, which were controlled by the addition of 
electrolytes, 7. e., by the socalled base solution. As electrolytes for this pur- 
pose, hydrochloric acid, potassium chloride, ammonium hydroxide and sodium- 
hydroxide were used. 

As solvent for the accelerators, mixtures of water and acetone were used for 
the most part. Acetone seemed to be particularly satisfactory because many 
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Fig. 9.—Dependence of the depolarization Fic. 10.—Dependence of the height of the 
potential on the pH value of diacetyl. polarographic step on the pH value of aceto- 
phenone. 



























































accelerators and their transformation products can be extracted from vulcanized 
rubber by acetone. On the other hand, acetone has the disadvantage that it 
may, under certain conditions, give polarographic steps itself. In spite of its 
carbonyl group, acetone is not in itself reducible polarographically. However, 
it reacts with ammonia, which is used as a base solution, with immediate forma- 
tion of a product which, at approximately 1.6 volts, gives a well defined polaro- 
graphic step. Also the formation of peroxide from acetone, particularly on 
prolonged exposure to light, leads to undesired polarographic steps. 

In the course of the investigation, it was found that methyl alcohol, either 
alone or with chloroform added to it, is a very satisfactory solvent and extraction 
agent, or with the advantages of acetone and none of its disadvantages. As a 
result, the use of acetone was finally abandoned. 

For the polarographic examination of accelerators, the following base were 
used : 


(1) Hydrochloric acid (1/1N) ........ 0065000000. 10 
SPRUE RD: .c5 icine na vis huis oa NSA eh ome 10 
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(2) Potassium chloride solution (1/1N)........ 10 
Tylose (methylcellulose) solution......... 10 
ITO UA CICOHO IN. a aijicisiarsia s sroe. acd scares! orators 20 

CS) HORM BOMNGH 6 os iGiscd.cccesistcewsssoween 20 
DSU VECO MON oe cin. 0°% ainve ais reaver wroermare renee 20 

(4) Sodium hydroxide solution (1/1N)......... 10 
Tylose (methylcellulose) solution......... 10 
EGER U SICGD ON acc 5ciaye cases oa bas ae wale 20 


Gelatin and methylcellulose in the base solutions serve to repress the maxima 
in the current-voltage curves, as is evident in Figure 11. 
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Fig. 11.—Polarographie steps with 
maximum points. 


























But these maxima may be far greater than in the foregoing example, so that, 
in evaluating a polarographic step, their disturbing influence becomes very 
noticeable. Up to the present time, it has been impossible to explain definitely 
for what reason these maxima appear occasionally. 

The gelatin solution is prepared in the following way. Twenty grams of highly 
purified gelatin are allowed to swell in water for several hours, the swollen 
mixture is then warmed until the gelatin is completely dissolved, and the solu- 
tion is made up to 1 liter. 

The methylcellulose solution can be prepared from commercial Tylose, by 
mixing 200 grams with a little cold water, stirring until a paste is obtained, and 
adding water gradually until the solution is made up to 1 liter. Care must be 
taken that the mixture does not become warm, for otherwise the methylcellulose 
becomes insoluble. 

It is necessary that the methyl alcohol used for the base solutions be polaro- 
graphically pure, 7. e., it is necessary that it contain no impurities which give 
polarographic steps'*. 

For convenience in the work described in the present paper, several liters 
of each of the four base solutions were prepared as reserve supplies. Before 
using them, they were tested for polarographic purity by making polarographs 
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under highly sensitive conditions. Under such conditions, these should contain 
no steps in the range of 0 to 1.6 volts. 

A 0.01 molar solution of the substance under investigation is then prepared. 
If the chemical composition and therefore the molecular weight of the substance 
is not known, approximately 0.4 gram of the substance is dissolved in 100 ce 
of solvent, which in most cases is a large enough volume. Many accelerators 
dissolves slowly, in which case warming on a water bath is helpful. The solution 
obtained is then treated with a definite volume of base solution. In the experi- 
ments to be described, a satisfactory way was to add 40 ce. of base solution to 
10 ee. of the solution of the substance under investigation in a 50-cc. measuring 
flask. 

If it is desired to examine a vulcanizate for accelerators, approximately 10 
crams of the most finely divided sample is first of all extracted with methyl 
alcohol in a Soxhlet extraction apparatus. In many cases better results are 
obtained with a mixture of 40 parts of methyl alcohol and 10 parts of chloro- 
form. After continuous extraction for 8 hours, the extract is concentrated at 
about 60° C to 20-30 ce., and the residue is made up in a measuring flask to 50 ce., 
































Fig. 12.—Polarographs of tetramethylthiuram disulfide in acid, neutral 
and alkaline solutions. 


either with methyl alcohol or with a mixture of methyl alcohol and chloroform. 
Of this solution, 10 ec. are used for determining the accelerator, or 20 ce. if the 
accelerator content is low. This is made up to 50 ce. with the base solution. 
This gives a very turbid solution on account of the precipitation of water- 
insoluble substances which are of no significance in the determination of 
accelerators. 

A widely used and important accelerator is the well known tetramethylthiuram 
disulfide. This accelerator contains the electrolytically reducible group already 
mentioned; in fact it contains two active groups in its molecule, and therefore 
gives an especially pronounced polarographic step'?. 

A weight of 0.240 gram of tetramethylthiuram disulfide was dissolved in 
100 ec. of methyl alcohol to give a 0.01 molar solution, and, with the four base 
solutions already described, was examined polarographically. Figure 12 shows 
the polarographs obtained. 

The results are summarized in Table I. In this case the data were obtained 
from 0.002 molar solutions, which were prepared from the accelerator solutions 
by dilution with the base solution. 

Approximately the same heights of steps were obtained in acid and neutral solu- 
tions; on the other hand the depolarization potentials differed in the two solu- 
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tions. In acid solution the reduction was at 0.23 volt; in neutral solution it was 
at 0.49 volt. Almost the same value was obtained in ammoniacal solution, 
but the step was smaller in the latter solution and, in addition, a small initial 
step appeared at 0.24 volt. In sodium hydroxide solution, the form of the 
curve was considerably different, and was hardly suited to polarographic evalua- 
tion, although it contributed something to the characterization of tetramethyl- 
thiuram disulfide, which is altered by strong alkalies. 

Since, moreover, in the other ranges of pH values there was the possibility 
of changes in the solutions, even if slower, whereby the usefulness of polaro- 





Tas.e I 
Pure tetramethylthiuram Vulcanized rubber containing 
disulfide tetramethylthiuram disulfide 
% : 
Depolarization Height of step 1 Depolarization Height of step 14 
potential of 0.002 molar potential of 0.002 molar 
Base solution (volts) solution (cm.) (volts) solution (cm. ) 
Hydrochloric acid ........... 0.23 42 0.16 17 
Potassium chloride .......... 0.49 44 0.30 17 
Ammonium hydroxide ...... 0.48 39 0.43 21 
Sodium hydroxide ...........No well defined step 0.44 21 

















Fic. 18.—Polarographs of the methyl alcohol extract of a vul- 
canizate accelerated with tetramethylthiuram disulfide. Acid, neutral 
and alkaline solutions. 


graphic quantitative analysis would be impaired, the same solutions were allowed 
to stand for 24 hours and were then photographed polarographically. In the 
case of the ammoniacal solution, there was a considerable change in the polaro- 
graph. Accordingly only the acid solution and neutral solution were suited to 
the quantitative estimation of tetramethylthiruam disulfide, and of these two 
solutions, the neutral solution had the advantage of giving a steeper curve. 

The results were considerably different with an extract of a mixture, accel- 
erated by tetramethylthiuram disulfide, which had the following simple 
composition : 


PADRE OLEIG oes aie stein oe wens Oi eia6 8 Seis 100 
Tetramethylthiuram disulfide ........ 3 
PRO ONIGO. aa Seas Reine oes eal aae ads 50 


which was vulcanized for 15 minutes at a pressure of 2 atmospheres. 
Figure 13 shows the polarographs obtained from the extract. The values 
derived from these graphs are to be found in Table I. 


8 
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A comparison of the values for the pure accelerator and for the vulcanized 
rubber shows quite clearly that tetramethylthiuram disulfide undergoes a con- 
siderable change in structure during vulcanization, a change which was to be 
expected, since this compound splits off sulfur during vulcanization. Whether 
the values which were obtained polarographically from the vulcanized rubber 
are to be regarded as characteristic of every tetramethylthiuram disulfide 
mixture cannot be decided from the experiments carried out up to the present 
time. This point will have to be settled by further investigation. 

Another accelerator, widely used in the rubber industry, is piperidinium 
pentamethylenedithiocarbamate. A solution of this accelerator in methyl alco- 
hol, containing 0.246 gram of accelerator per 100 cc., 7. e., a 0.01 molar solution, 
was prepared, and was examined polarographically in the way already described. 

The curves shown in Figure 14 differ considerably from those obtained with 
tetramethylthiuram disulfide, particularly in the surprising fact that, two steps 
were obtained, both with the neutral solution and with the alkaline solution. 





see 


Fic. 14.—Polarographs of piperidinium pentamethylenedithio- 
carbamate in acid, neutral and alkaline solutions. 


These steps are especially helpful in determining piperidinium pentamethylene- 
dithiocarbamate, for, in contrast to the steps obtained with sodium hydroxide 
solution, they were not changed by allowing the solution under investigation to 
stand for 24 hours. The quantitative determination of piperidinium penta- 
methylenedithiocarbamate is therefore of special significance, because this ac- 
celerator does not decompose readily during long storage. 

Still different curves were obtained in a polarographic examination of a vul- 
canizate, accelerated by piperidinium pentamethylenedithiocarbamate, of the 
following composition: 


IG, cn cuit aN eee aendsemaeesaakeb hie ekues 100 

EN eh ce ccc mck ce em eeicme sah uw ee ois 18 
Piperidinium pentamethylenedithiocarbamate ....... 0.4 
LCS GRRE ee erent Sener See on anne emN 0.4 
IRENE Rc Ni he Gta nite cis Sapa gc Lie i 0.5 


which was vuleanized for 15 minutes at a pressure of 1 atmosphere. 
As can be seen in Figure 15, the curves obtained from the extract differ com- 
pletely from those obtained from the pure accelerator. 
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It is particularly noteworthy that no well defined step was obtained from the 
strongly alkaline solution. The results obtained with piperidinium penta- 
methylenedithiocarbamate are summarized in Table II. 

Here too, further experiments would be necessary to decide whether the 
results obtained with the particular vulcanizate examined are the same for 
all rubber mixtures accelerated by piperidinium pentamethylenedithiocarbamate. 

At present the accelerators most extensively used in the German rubber indus- 
try are Vulkacit F and Vulkacit AZ, mercapto compounds. Both were examined 
by the polarographic method. 





Fic. 15.—Polarographs of the methyl alcohol extract of a vul- 
canizate accelerated with piperidinium pentamethylenedithiocarba- 
mate. Acid, neutral and alkaline solutions. 





Tas.e II 
Pure piperidinium Vulcanized rubber 
pentamethylenedithio- containing piperidinium 
carbamate pentamethylenedithiocarbamate 
A A 
Height of step)“ Height of step 
Depolarization of 0.002 molar Depolarization of 0.002 molar 
potential solution potential solution 
Base solution (volts) (em. ) (volts) (cm.) 
Hydrochloric acid .......... 0.15 15 0.26 17 
Potassium chloride ....(1).. 0.42 14 2 overlapping steps Both steps 
(II).. 0.57 17 at about 0.3 and together 
0.75 volt 25 cm. 
Ammonium hydroxide .(I).. 0.41 13 0.32 10 
(II).. 0.54 17 0.66 12 
Sodium hydroxide ..... (1).. 0.42 12 No well defined step 
(II).. 0.56 16 No well defined step 


In the case of Vulkacit F, it was particularly difficult to prepare a solution 
suitable for polarographic measurements, because this accelerator is practically 
insoluble in water, in methyl alcohol, and in acetone. Only chloroform offered 
possibilities, but it too is unsatisfactory from a polarographic point of view, since 
it is not miscible with water, and since it has an unfavorable influence on the 
polarizability of mercury electrodes. 

After many preliminary experiments, a satisfactory method for the polaro- 
graphic analysis of Vulkacit F was found. In the first place the necessary quan- 
tity of Vulkacit F for a polarographic examination had to be prepared ex- 
perimentally because the chemical composition of Vulkacit F has not been made 
known. 

A weight of 0.1 gram of Vulkacit F was dissolved in 50 ec. of chloroform, and 
the solution was made up to 100 ce. with methyl alcohol. The base solutions used 
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up to this time could not be used in preparing the accelerator solution for 
polarographic measurement, because they caused precipitation of the accelerator 
and chloroform. Consequently the base solutions were modified for use in the 
examination of difficultly soluble substances, such as Vulkacit F, in the following 
way: 


(5) Hydrochloric acid (1/1N)...............6- 5 
GRUNTS ROINNIRION isc onc wuts aise wish biota ee oo G0 5 
SECT AN LOS [CO ee are 3 

(6) Potassium chloride solution (1/1N)........ 5 
Tylose (methylcellulose) solution.......... 5 
EET AS TES TC 3 IS Seea gan gies a eae 30 

Cie LICE CSS CLC ee i ee 10 
SESE AS: LPS ECC (YC RSS ae ea ae Pa An 30 

(8) Sodium hydroxide solution (1/1N)......... 5 
Tylose (methylcellulose) solution.......... 5 
8 ATES POTS) [a ae 30 


The difference between these solutions and the base solutions used previously 
was therefore the changes in the proportions of the ingredients. 
Figure 16 shows the curves obtained from Vulkacit F. 














Fic. 16.—Polarographs of Vulkacit-F in acid, neutral 
and alkaline solutions. 


Approximately the same high steps were obtained for all four ranges of pH. 
After 24 hours’ aging of the solutions, the heights of all the steps decreased a 
little; the height of the step of the acid solution decreased most of all. 

In contrast to the accelerators already discussed, the difference in the polaro- 
graphic results of pure Vulkacit F and the vulcanizate containing Vulkacit F 
was relatively small. In this case the mixture investigated had the following 
composition : 


Smoked sheet rubber............... 100 
LLDPE SR g  actaR le Oo ae tm 2 
Vulkacit F accelerator.............. le 
Pa HORREE Sos ho ccicx Soest eeataears 8 


which was vulcanized for 15 minutes as a pressure of 3 atmospheres. 

The values obtained with the extracted Vulkacit F were in all cases some- 
what lower than those obtained with pure Vulkacit F, as can be seen in Figure 17, 
and in Table III. 

The results shown in Figure 17 and Table III make is seem probable that 
the polarographically active group of Vulkacit F does not undergo any change 
during vulcanization. 
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In contrast to Vulkacit F, no difficulties were encountered in preparing a solu- 
tion of Vulkacit AZ, which was satisfactory for a polarographic examination, 
since this accelerator is readily soluble in methyl alcohol. However, here too, 
the proper concentration of Vulkacit AZ for the polarographic measurements 
had to be determined experimentally, because the chemical composition of this 
accelerator too has not been divulged. 


4/3 





























Fig. 17.—Polarographs of the methyl alcohol extract of a vulcanizate 
accelerated with Vulkacit-F, Acid, neutral and alkaline solutions. 


TaB.e III 


Pure Vulkacit F Vulcanizate containing 
— i Vulkacit F 
Height of step 






































Depolarization 0.2 g. of Depolarization 
potential Vulkacit F per potential Height of step 
Base solution (volts) liter (cm. ) (volts) (em. ) 
Hydrochloric acid ........... 0.17 42 0.13 12 
Potassium chloride .......... 0.44 44 0.37 20 
Ammonium hydroxide ....... 0.34 34 0.29 17 
Sodium hydroxide ........... 0.42 42 0.35 17 
| i iad : : _L ae : ; : 3 z o : 
i , |. 
| Tt ada 
i 3 Re 
wil HC] : Etter. ve e 
i ae ; ’ : 
Lt rn wer Be bom 
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Fic. 18.—Polarographs of Vulkacit-AZ in acid, neutral and 
alkaline solutions. 


To obtain polarographic steps similar in height to those of Vulkacit F, a 
much greater quantity of Vulkacit AZ was necessary. A weight of 0.4 gram of 
Vulkacit AZ was dissolved in 100 ec. of methyl alcohol, and the solution was 
treated with each of the four base solutions. The results of the polarographic 
measurements are shown in Figure 18. 

The most significant difference between Vulkacit F and Vulkacit AZ lies 
in the fact that, in acid solution, Vulkacit AZ shows two readily measurable 
polarographic steps, whereas Vulkacit F shows only one such step. Also, it 
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seemed particularly important to determine the changes in the polarograph of 
Vulkacit AZ brought about by aging of the solutions for 24 hours, for it is 
known that Vulkacit AZ changes in some way by prolonged agitation with water. 
The experiments showed, however, that only in neutral solution do such changes 
take place to any considerable extent; in fact in neutral solution, a wholly 
new step appears. In acid solution and in alkaline solution, the depolarization 
potentials and the heights of the steps were hardly changed by aging. 

In the determination of Vulkacit AZ in vulcanized rubber, a rubber mixture 
of the following composition was employed: 


Smoked sheet rubber................. 100 
SSS Re Se ee eee ae 1 
Vulkacit AZ accelerator.............. 1 
SAE RRC ea eat ie ne ea 1 
COTS OS EN ee eee re ee 10 


which was vulcanized for 20 minutes at a pressure of 3 atmospheres. 
The results are shown in Figure 19 and in Table IV. 




















Fic. 19.—Polarographs of the methyl alcohol extract of a vul- 
canizate accelerated with Vulkacit-AZ. Acid, neutral and alkaline 


solutions. 








Tasi_e IV 
Pure Vulkacit AZ 
cr Vulcanized rubber 
Height of step containing Vulkacit AZ 
(0.8 g. of . = . 
Depolarization Vulkacit AZ Depolarization 
potential per liter potential Height of step 
Base solution (volts) (em. ) (volts) (cm. ) 
Hydrochloric acid I........ 0.11 21 0.22 22 
| ae 0.62 21 : _ 
Potassium chloride ........ 0.34 22 I 0.39 Both steps to- 
II 0.72 gether 20 
Ammonium hydroxide .... 0.29 21 I 0.32 Both stens_ to- 
II 0.66 gether 28 
Sodium hydroxide ........ 0.39 18 0.40 12 


In alkaline solution, the difference between pure Vulkacit AZ and Vulkacit 
AZ extracted from vulcanized rubber was small; on the contrary, in neutral 
solution and particularly in acid solution, the difference was considerable. As 
with the accelerators already described, in the case of Vulkacit AZ, the polaro- 
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graphic measurements of the particular vulcanized rubber tested are to be 
regarded as only indicative of what may be true in a more general way of 
other vulcanizates. 

The ability to identify immediately an accelerator, or at least its significant 
group, in a rubber mixture by a polarographic photograph of an extract of this 
rubber mixture, is still far from being realized, for, in the present work, only a 
few particularly interesting examples of accelerators were studied. First of all, 
it will be necessary to study the polarographic behavior of all the accelerators 
currently used in the rubber industry. It is certain that a large number of these 
accelerators would give characteristic polarographic steps which would differ 
from the steps of the accelerators described in the present paper. This should 
be true, not only of accelerators belonging to the types described, but also of 
accelerators of quite different types, e. g., m-dinitrobenzene and p-nitrosodi- 
methylaniline, both of which can be determined by the polarographic method. 
On the other hand, various basic accelerators, such as certain guanidine deriva- 
tives, cannot, as a rule be determined polarographically. In addition to the 
purely material investigation of what materials can be determined polarographi- 
vally, there remains the problem of ascertaining the influence on the polarographic 
steps of the various accelerators by other ingredients and by the conditions of 
vulcanization. 

In still another direction, the polarographic examination of vulcanization 
accelerators holds great promise, that is, the polarographic method should make 
it possible, by purely experimental technique, to gain a better insight into 
the mechanism of the complicated reactions which, for the sake of brevity, are 
termed vulcanization. Since this is a field in which there is still little knowledge, 
it would seem advisable to start with very simple systems and use the most highly 
purified substances, so that information can be gradually accumulated on all 
the factors which influence the course of vulcanization accelerated by organic 
substances, at least to the extent that these factors can be identified by means 
of physico-chemical measurements in general. 

If one views in a general way the possible applications of the polarographic 
method in the rubber laboratory, both for the technologist and for the scientist, 
one is probably forced to the conclusion that with hardly any other method 
can so many fundamentally different problems of inorganic and organic chem- 
istry be studied. It would, therefore, be highly desirable for the polarographic 
method to find increasing use in rubber laboratories. 


SUMMARY 


Following a brief description of electrochemical principles and the experi- 
mental technique of the polarographic method, possible applications of this 
method in the rubber laboratory are discussed in some detail. 

In addition to its availability in many ways for the determination and the 
investigation of numerous inorganic materials which are so frequently analyzed 
in rubber laboratories, the polarographic method is of special importance in the 
determination of organic accelerators of vulcanization. The first investigations 
of the author in this field are described in detail’®. 
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SWELLING MEASUREMENTS IN THE 
RUBBER LABORATORY * 


G. ProskE 


WALTERSHAUSEN, THURINGIA, GERMANY 


To follow progressively and experimentally the effects of active chemicals 
of various kinds which swell or dissolve vuleanized rubber is a frequent task 
today in practically every rubber laboratory. Various methods of measure- 
ment are available for this purpose, but all are in the strict sense based on 
two fundamental methods: (1) the direct measurement of swelling by increase 
in volume, and (2) the indirect measurement of swelling by the proportion of 
liquid absorbed. It will be found that, in measuring swelling in every-day 
practice, methods which are open to severe criticism are being widely used. 
In view of this, it was decided, in the present work, to make a survey of the 
utility of the most commonly used methods for determining swelling. This 
seemed particularly timely because, in spite of the fact that in recent years 
swelling measurements have become of increasing importance as a means of 
judging the value of products made from nonswelling synthetic materials such 
as Perbunan, Perduren and Thiokol, there is little to be found on the subject 
in the literature. Only two works of recent date deal in any real detail with 
the different methods of measuring swelling, viz., a French work of Gleizes’, 
and a Dutch work of van Wijk?. Both these will be discussed further. A book 
on rubber technology’, now a standard work, contains nothing on the subject 
of swelling measurements, nor is there any mention of the subject in a com- 
bined work of Bostrém, Lange, Schmidt, and Stécklint on rubber and allied 
substances. For the sake of completion, several older works, may be mentioned. 
For example, Flusin®, Kirechhof*, Salkind?, Dubosc’, and Scott® used the gravi- 
metric method; on the other hand Reinke!® and Posnjak!! determined swelling 
volumetrically. 

The methods to be discussed in the present paper are not concerned with 
scientifically accurate measurements of swelling, but are adapted to daily rou- 
tine in the rubber laboratory, and make it possible to determine, with an accuracy 
quite sufficient for technical needs, the behavior of different types of vuleani- 
zates when exposed in service to organic solvents which attack rubber more or 
less actively. 


DIFFERENT METHODS OF INVESTIGATION 
GENERAL METHODS 


Before discussing the various methods individually, it is well first of all to 
make a few remarks about the significance of a few of the factors which must 
be taken into account in all measurements of the swelling of rubber, irrespective 
of what particular method is employed. 

Swelling is the manifestation of a phenomenon, the rate of which varies 
greatly with the swelling liquid, with the composition of the sample, and with 
experimental conditions. It is impossible to draw any conclusions regarding the 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from the Gummi-Zeitung, Vol. 54, No. 9, 
pages 141-142, March 1, 1940; No. 10, pages 167-168, March 8, 1940. 
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rate of swelling from one measurement, or from two measurements, one of 
which is made soon after the other; in other words, it is impossible to decide 
whether swelling values lie close to the swelling maximum, naturally a value of 
the greatest interest, or whether they lie on a slowly and steadily ascending 
swelling curve. 

The surest way to eliminate this likely source of error is by determining the 
significant part of the swelling curve by several measurements. If, nevertheless, 
it is decided to make only one measurement, the latter is made after as long a 
period of time as practicable, for in this way the measurement gives a value 
which lies as nearly as practicable to the swelling maximum. However, as 
happens many times, if the measurement is made after only a short time, e. ¢., 
after 24 or 48 hours, then the value obtained is of practical significance only 
if the swelling is very rapid, as can be seen by the following typical case. 

A vulcanizate prepared from the following mixture was tested for its resis- 
tance to benzene and to carbon tetrachloride. 
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As the sample for measuring swelling, a died-out round disc, similar to that 
cut out by a Schopper stamping machine, was used. The diameter and thick- 
ness were first measured, and the increase in volume by swelling was determined 
by new measurements of the diameter and thickness. The following values were 
obtained. 


Time of swelling Swelling in benzene Swelling in carbon tetrachloride 
(hours) (percentage by volume) (percentage by volume ) 
24 79 10 
48 99 13 


According to these values, it might be assumed that the swelling power of 
benzene is 7 to 8 times as great as that of carbon tetrachloride. However, an 
examination of the corresponding swelling curves in Figure 1 shows that the 
difference is only about 3-fold. The relatively great difference at the beginning 
is attributable to the fact that the rates of swelling in benzene and in carbon 
tetrachloride differ greatly. Figure 1 shows this clearly. 

It is further evident from Figure 1 that, because of this very high rate of 
swelling in benzene, a period of 48 hours is sufficient to obtain a correct idea 
of the behavior of the sample, whereas this same length of time in carbon 
tetrachloride gives completely misleading values. Since, in general, such high 
rates of swelling as that in benzene in the foregoing example are not ordinarily 
encountered, it is always advisable to continue the measurements for at least 
one week, in which case the swelling is measured each day, to ascertain whether 
the swelling maximum is practically reached, for example, in 3 or 4 days. 

In making measurements of the resistance to swelling, an equally important 
point to be considered is that not only the magnitude of the swelling, but par- 
ticularly the changes in physical properties of the material, are of interest. To 
the technologist, this latter feature is generally of the greatest concern. It is, 
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for instance, immaterial to him whether the tube of a hose is swollen even to 
a considerable degree by an active solvent, provided the mechanical properties of 
the rubber tube are not changed to any significant degree by the solvent. For 
this reason swelling measurements in the rubber laboratory should always in- 
clude measurements of changes in tensile strength, elongation at rupture, hard- 
ness and elasticity brought about by the solvent. The importance of compre- 
hensive mechanical tests of this character will be evident from the following 


typical case. 
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Fic. 1.—Swelling of a Perbunan-extra vulcanizate in 
benzene and in carbon tetrachloride. 


A synthetic mixture containing Igelit-PCU was tested for its resistance to 
benzene. Its composition was as follows: 
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At the end of one week, its swelling in benzene had reached only 16 per cent 
by volume, from which it might have been concluded that the resistance of this 
type of Igelit-PCU mixture to benzene is quite satisfactory. But when the 
changes in mechanical properties which had taken place as a result of this 
swelling during the one week’s immersion were measured, a quite different con- 
clusion was reached. The tensile strength decreased approximately 50 per cent, 
the Shore hardness dropped from 70° to 30°, and the rebound elasticity in- 
creased from 6 to 46. In this way it was proved that the resistance of the Igelit 
mixture to benzene was very unsatisfactory. This was easily proved by swelling 
measurements made each day during the week of immersion in benzene. The 
results obtained by these more frequent measurements, and also the changes in 
tensile strength during the same week’s immersion, are shown in Figure 2. 

The character of the swelling curve in Figure 2 is a very unusual one. The 
maximum swelling (63 per cent) was reached in 48 hours, and after this the 
curve descended steeply, doubtless because of extraction of tri-o-tolyl phosphate 
by the benzene. The tensile strength decreased approximately 50 per cent dur- 
ing the first 24 hours, and then remained constant for about 5 days. The changes 
in hardness and elasticity paralleled those in tensile strength. 
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In cases like these, measurements of the changes in mechanical properties 
resulting from the swelling are of the greatest importance, and they should 
never be neglected when it is feasible to carry out such supplementary 
determinations. 

In addition to this, the dependence of all swelling measurements on the 
temperature should not be ignored. For accurate measurements a thermostat 
is necessary. In carrying out measurements in the rubber laboratory, which 
is usually at a temperature around 20° C, care should be taken, if necessary by 
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Fic. 2.— Swelling of a synthetic resin mixture, prepared from Igelit-PCU, in 
benzene, and the result—-and changes in tensile strength. 
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Fic. 3.—Swelling of a soft-rubber vulcanizate Fic. 4.—Swelling of a Perbunan vulcanizate in 
(92 per cent rubber ; Shore hardness 35°) in ben- gasoline. 


zene at 20° C and 30° C. : 
Curve 1 represents measurements of the changes 


in weight. Curve 2. represents measurements 
of the changes in volume. 


uniform heating of the room in which the test is carried out, that the tempera- 
ture of the swelling liquid does not change more than a few degrees during 
the measurements. 

Figure 3 shows two swelling curves taken from a work by van Wijk?. Al- 
though the difference in temperature was only 10° C, the differences in volume 
swelling were considerable, particularly after prolonged action of the liquid. 

Finally the values obtained in measuring swelling depend on the dimensions 
of the test-specimen. The thicker the test-specimen, the longer is the time 
required to reach the maximum swelling, if this is reached at all. Test-specimens 
used for swelling measurements in the rubber laboratory should, therefore, be 
only a few millimeters thick. 
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Tue Gravimetric Metuop 


Because of its simplicity, the gravimetric method, whereby swelling of the 
test-specimen is judged by the weight of liquid absorbed, is still widely used, 
although it may easily give false results. The chief sources of error in this 
method will be shown by means of a few typical cases chosen from practice. 

In its simplest form, the gravimetric method of estimating swelling involves 
weighing the original test-specimen, immersing it in the liquid for 24 hours, and 
weighing it again. This questionable method of estimatng swelling can be im- 
proved by following the progressive action of the swelling agent for a longer 
time, usually for at least one week. But even then false results are obtained, as 
can be seen by the following examples. 

It was desired to know the resistance to gasoline of a Perbunan vulcanizate, 
of the following composition: 
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Figure 4 shows, in the form of curves, the results of the swelling measurements. 

The curve obtained by weighing indicated no swelling at all, in fact the test- 
specimen lost weight steadily from the beginning. After 48 hours, the weight 
seemed to have reached a constant value, but obviously this may be attributed 
to the fact that the benzene-soluble component of the vulcanizate (in the fore- 
going example, dibenzyl ether) is only soluble to a limited degree. The gaso- 
line used as the swelling agent was not renewed during the first seven days, 
and is became saturated with dibenzyl ether so that no more was extracted 
from the Perbunan vuleanizate. After the seventh day, the gasoline was 
changed daily; as a result, from that time on there was a further progressive 
decrease in weight. 

Whereas in the example just described, the gravimetric method failed com- 
pletely to show any swelling, a measurable swelling was evident by the volu- 
metric method (see Figure 4). In spite of a steady loss of weight, the swelling 
remained constant through a long period of time. The volumetric method proved, 
therefore, to be more reliable than the gravimetric method. 

Even if the gravimetric method gives satisfactory results in many cases, 
this is to be ascribed to the fact that, in these particular cases, the extraction of 
soluble ingredients is negligible compared to the actual swelling. The foregoing 
example shows, however, that this extraction must not be disregarded in many 
cases. Furthermore it is not always true, as in the foregoing case, that the 
weight of the test-specimen decreases in spite of the specimen becoming swollen, 
so the unfitness of the method can be recognized immediately. In most cases 
there is an increase in the weight of the test-specimen, but this increase is 
much smaller than that which would correspond to the true swelling. 

The method of determining swelling by changes in weight is therefore 
applicable only when an extraction of compounding ingredients soluble in the 
swelling liquid is not a complicating factor. If extraction does take place the 
method may be modified by determining the extracted material and correcting 
the result accordingly. But aside from the difficulty of determining by any 
simple method the substances which have passed into solution, the method as a 
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whole loses by this correction its chief advantage, that is, its ease and rapidity 
of operation. And this is not the only shortcoming of the gravimetric method, 
as will be shown by the following case, in which it will be seen that swelling 
measurements may be invalidated by other factors. 

A Thiokol mixture of the following composition was tested for its resistance 
to benzene and to carbon tetrachloride. 
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The results of the measurements are shown graphically in Figure 5. Here 
the swelling in carbon tetrachloride was considerably greater than in benzene, 
e. g., after 14 days’ immersion in carbon tetrachloride the increase in weight 
was 35 per cent; in benzene it was only 16 per cent. The swelling power of 
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Fic. 5.—Swelling of a Thiokol vulcanizate in ben- Fic. 6.--Swelling of a Thiokol vulcanizate in 
zene and in carbon tetrachloride, measured by the benzene and in carbon tetrachloride, measured by 
gravimetric method (dotted curves). the volumetric method. 


carbon tetrachloride for the particular Thiokol mixture tested was, therefore, 
more than twice as great as that of benzene. When this same Thiokol mixture 
was measured by the volumetric method, the curves shown in Figure 6 were 
obtained. 

These curves in Figure 6 show that the true swelling of the Thiokol vuleani- 
zate was not much greater in carbon tetrachloride than it was in benzene, e. g., 
after 14 days the swelling in carbon tetrachloride was 38 per cent by volume, 
in benzene it was 31 per cent by volume. In this case the gravimetric method 
gave misleading results, because, as a result of the relatively high specific gravity 
of certain tetrachloride (1.59 compared to 0.88 for benzene), a greater absorption 
of liquid was apparent than that corresponding to the true swelling. 

In using the gravimetric method, therefore, the specific gravity of the swell- 
ing liquid must be allowed for by dividing the change in weight of the test- 
specimen by the specific gravity of the swelling liquid. When this method 
was followed in the foregoing example, the dotted curves in Figure 5 were 
obtained. These curves differ only a little from those obtained by the volu- 
metric method. Complete correspondence of the curves was not to be expected, 
because swelling consists, as already pointed out by Gleizes', not only in an 
absorption of liquid, but also in an expansion of the rubber substance itself. 
Hence the swelling value as measured volumetrically is always greater than the 
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value obtained by calculation from the quantity of liquid absorbed. According 
to Gleizes, the quotient of the two values obtained by the two methods is always 
of the order of magnitude of 1.5. In the measurements reproduced in Figures 
5 and 6, this quotient lies between 1.4 and 1.7. 

With highly volatile liquids, there is a further source of error in the gravi- 
metric method in that there may be considerable loss of liquid in the interval 
of time between removal of the test-specimen from the liquid and its final 
weighing. 

In brief, then, it may be said that the gravimetric method represents the 
simplest, most convenient method for the measurement of swelling, but on 
the other hand that this method gives entirely false results in many cases 
unless the experimental results are corrected. This necessary correction must 
take into account: (1) the specific gravity of the swelling liquid; (2) the 
quantity of soluble material extracted by the liquid, and (3) the loss of swell- 
ing liquid from the test-specimen during the final weighing. With these cor- 
rections, however, the gravimetric method loses its chief advantage of simple and 
rapid operation. It should, therefore, be abandoned in favor of one of the 
volumetric methods to be described in the following pages. 


Tue Votumetric Metuop 


The direct effect of swelling of a test-specimen caused by a solvent is an 
increase in volume. The first thing to do, therefore, in determining swelling 
is to measure the volume before and after swelling. This method of measure- 
ment—the socalled volumetric method—is widely used in practice in various 
modifications, which differ from one another in the way of measuring the volume. 

Probably the simplest form of the volumetric method is one to which reference 
has already been made, viz., that in which a died-out round dise specimen is 
used for the swelling measurement; in this way the determination of the volume 
is a very simple one, 7. e., the diameter and thickness are measured before and 
after swelling, the volumes are calculated from these figures, and finally the 
swelling is calculated from these volumes. 

By this simple method, reliable values are obtained only if the disc has a 
strictly cylindrical form externally. With considerable swelling this is frequently 
not the case, for the edges of the disc become irregular, and the flat sides 
become convex. As a result, the measurements are very inaccurate. However, 
this disadvantage is hardly of importance from a practical point of view for, 
when swelling has become so great that a test-specimen is deformed to this extent, 
the material is no longer serviceable. It is therefore unimportant whether the 
actual swelling is a few per cent more or less than the value obtained by the 
method described. 

On the other hand, the accuracy possible by this method when conditions 
are such that the dimensional relations remain unaltered is worthy of greater 
consideration. The diameter and the thickness of the test-specimen are usually 
measured by a slide gauge, which makes possible reliable measurements to one- 
tenth of a millimeter. However, with soft test-specimens, it is ordinarily by no 
means easy to obtain exact readings. Accordingly an error may easily be made. 

Since a knowledge of the maximum error of this kind is highly important in 
judging the usefulness of the method, the following experiment was carried out. 
Fight discs, cut from the same sample of vulcanized rubber containing a high 
percentage of rubber (socalled Para grade) and having a Shore hardness of 35°, 
were immersed in mineral oil for 24 hours, and the swelling was measured by the 
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volumetric method as already described, and, for comparison, by the gravimetric 
method. The results are shown in the following table. 


SwELLING IN MINERAL O11 OF A VULCANIZATE CONTAINING A HiGH PERCENTAGE 
OF RUBBER 


(Immersion for 24 hours) 
Swell ing 














Diameter Thickness Weight Percent- Percent- 
Measure- ‘ , r , age by age by 
ment Before After Before After Before After volume weight 
Lisenceens 443 46.5 5.7 6.3 8.676 10.307 218 18.8 
Bisccesuhe 44.5 46.5 6.0 6.5 9.172 10.844 184 18.3 
Biscsusese 44.2 46.6 5.7 6.2 8.725 10.352 20.7 18.7 
SEPP 44.2 46.4 56 6.1 8.591 10.229 20.0 19.1 
See 44.7 47.2 6.0 6.3 9.024 10.687 17.0 18.4 
Baise. ess 44.6 47.1 5.9 6.2 8.950 10.570 17.4 18.1 
Pe cesie ees 444 47.1 5.9 6.2 8.922 10.576 18.5 18.6 
Binesoens 44.7 47.0 58 6.1 8.706 10.329 16.4 18.6 
Average ........ 18.8 18.6 
Deviation ...... + 3.0 +05 
—24 — 0.5 


The deviations from the mean values are of considerable magnitude com- 
pared to the accuracy of measurement of the essentially better gravimetric 
method. When, however, it is considered that the particular type of vulcanizate 
chosen represents an extremely unfavorable case for the volumetric method, it 
will be realized why, in spite of its relatively small degree of accuracy, this 
method is still widely used, many times so modified that rectangular test-strips 
are used instead of discs. Further evidence of the usefulness of the volumetric 
method is given below. 

Should the accuracy of this method be insufficient with certain types of 
vuleanizates, recourse may be had to one of the volumetric methods to be 
described, all of which give more accurate results. The principle of all these 
methods is to measure experimentally, by some means, the volume before and 
after swelling. Various types of apparatus have been devised for this purpose. 

Van Wijk employed a socalled voluminometer, a description of which has 
already been published?. This apparatus, which is of simple but ingenious con- 
struction, measures the volume of the test-specimen by the quantity of liquid 
displaced by the specimen. Since volume changes as small as 0.005 ec. can be 
measured, the precision of this method is remarkably good. In view of this, 
it seemed of particular interest to compare this more precise method with the 
simpler method which, as already described, involves merely the measurement 
of the dimensions of the test-specimen. To this end, the swelling in benzene 
of a mixture described by van Wijk was measured by both methods. This test- 
mixture had the following composition: 
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and was vulcanized for 30 minutes at a pressure of 3.5 atmospheres. 

Unlike the typical mixtures already cited, this mixture of van Wijk is not 
a satisfactory one from the practical point of view, and its resistance to swell- 
ing in benzene is solely of scientific interest. Figure 7 gives the results in 
graphical form obtained by the two methods. 
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Although the swelling values are of an order of magnitude which is not en- 
countered in technical problems, the difference between the two curves is not 
great. This is further evidence that the simple volumetric method already 
described is of genuine practical utility. 

Another very interesting method of measuring swelling volumetrically by 
means of an apparatus specially constructed for the purpose has been described 
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Fig. 7.—Swelling of a natural rubber vulcanizate in 
benzene. 


Curve 1: Measurements by the voluminometer. 
Curve 2: Measurements of the dimensions of a round disc. 

















Fic. 8.—The apparatus of Bobin for 
volumetric measurements. 


by Bobin'?. The operation of this apparatus will be easily understood by ref- 
erence to Figure 8. The swelling liquid and the test-specimen are contained 
in glass receptacle G, which is closed by cover D. The increase in volume 
associated with swelling of the test-specimen leads in turn to a corresponding 
increase in the height of the liquid level. This increase can be measured by 
means of a screw pin S (with pitch of 1 mm.), which is turned by the rigidly 
attached drum T down to the point where its pointed tip just touches its 
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mirror image in the liquid. To recognize this contact more easily, the descent 
of the tip is followed by the magnifying glass L. For better reflection, the 
glass container is inserted in jacket MG, which is blackened inside. Drum T 
has on its rim graduations which move past the scale MS. By proper reading 
of the two scales, the height of the liquid level can be determined accurately. 
The whole apparatus is mounted on a base plate, and can be levelled by means 
of the set screws St. 

The volume swelling of the test-specimen is derived from three measurements 
of the level of the liquid: 

(1) The height of the liquid without the test-specimen. 

(2) The height of the liquid with the test-specimen at the beginning of the 
test. 

(3) The height of the liquid with the test-specimen at the end of the test. 

According to Gleizes', the accuracy attainable with this appartus is excellent, 
and the method is far superior to the simple method of measuring the dimen- 
sions of the test-specimen. 

Finally another simple volumetric method may be mentioned, which is widely 
used in the United States. The volume of the test-specimen is determined 
from the volume of water displaced in simple fashion by means of a Jolly 
spring balance. 

If the weight of the test-specimen is g and, when it is immersed in water, 
the apparent weight is g’, then g-g’ is the buoyancy, which is equal to the volume 
of the test-specimen. To determine the volume, g-g’ is not determined, but 
rather the elongation of the spiral spring of an uncalibrated spring balance, 
which is proportional to g-g’, by suspending the test-specimen on the spring, 
first in air and then in water. In the measurement under water, care must 
be taken that no air bubbles adhere to the test-specimen. This method is 
applicable only to vuleanized rubber, the specific gravity of which is greater 
than 1. 


TecuNicAL Metuops oF INVESTIGATION 


From the technical point of view, various other methods for measuring swell- 
ing which are quite suitable for practical needs are in common use. Thus, in 
the practical case of hose for conveying benzene, the maximum swelling of a 
test-specimen specially prepared and measured in the laboratory is of less inter- 
est than the behavior of the particular rubber mixture used in the hose in 
benzene under the conditions prevailing in service. Accordingly, to test the 
quality of hose for conveying benzene, the hose is tested, not by immersing a 
sample in benzene for a certain length of time, but by passing benzene through 
the hose for a long time, for in this way benzene comes in contact with the 
hose tube under service conditions. Only by exact duplication of the conditions 
prevailing in service can it be decided with any degree of certainty whether 
or not a hose tube will be suitable under the conditions for which the hose is 
intended. 

In general not very much is known about such technical methods of investi- 
gation, for the technologist usually improvises for himself an apparatus suitable 
only for the particular problem, and then does not make this public, either 
because of its primitive character, or because he wishes to assure himself a certain 
advantage over his competitors. 

In the following discussion, a testing method which is very useful, and which 
was developed by the author from an already known technical method, will be 
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described. Technical test-methods of this character should be carried out in 
rubber laboratories so that the suitability of newly developed rubber mixtures 
for practical service conditions can be judged by laboratory tests. 

The apparatus which is illustrated schematically in Figure 9 makes it pos- 
sible to test the resistance of hose to organic solvents of all types flowing 
through it within the temperature range of —50° C to 150° C. 

In a sheet aluminum container, which is insulated on the outside with a 
layer of glass wool I, and which is fastened on a heavy base plate G, is a glass 
Woulff bottle, with three necks, two-thirds filled with the liquid solvent. Through 
the outermost two necks of this flask, copper tubes V lead to sections of hose 
S, and S, to be tested, and from these more copper tubes lead to pump P, 
which is an ordinary diaphragm pump such as is used in automobiles. Since this 
pump requires constant oiling, oil is fed to it by means of a small cogwheel 
pump Z, the oil being drawn from reservoir B. The used oil flows back into 
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Fic. 9.—Apparatus for testing the resistance of hose to liquids flowing through it within the temperature 
range of 50° C to 150° C 
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reservoir B. The aluminum container with the Woulff flask and hose samples 
can be heated to 150° C by means of a built-in electric heating unit H, which 
is safeguarded against causing explosions. The temperature desired for the 
test is adjusted by a Zilko temperature controller. This controller consists of a 
contact thermometer KT and a Zilko safety switch regulated by this ther- 
mometer. Adjustment of the desired temperature at the contact thermometer 
is made by means of a ring magnet attached to the thermometer. The exact 
temperature of the liquid is read by thermometer T, which dips into the liquid 
through the middle neck of the Woulff flash, and which can be read through a 
glass window in the wall of the aluminum container. By removal of this window, 
a single opening into the container is obtained, and through this the liquid and 
the samples of hose are placed in position inside. Furthermore the iron con- 
tainer E, in which the Woulff flask is placed, can, if desired, be filled through 
this opening with a freezing mixture. Pumps P and Z are driven by a 0.75- 
kilowatt motor (approximately 1400 r.p.m.). Pump P draws liquid from the 
Woulff flask through hose sample §,, and forces the liquid back through hose 
sample §, into the flask. 
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The samples of hose used in this apparatus are 6 em. long and have an inside 
diameter of 7 mm. The dimensions of the hose are measured before and after 
exposure to the liquid, and the swelling is calculated from these measurements. 
In addition, the changes in mechanical properties as a result of attack by the 
liquid can be determined. The time of the experiment is governed wholly by 
the experimental conditions and by the character of the hose being tested. A 
frequent length of time is seven 24-hour periods. It is possible during an experi- 
ment to study the condition of the hose at subnormal and elevated temperatures, 
e. g., at what low temperature the hose becomes stiff, and at what elevated 
temperature the joint between the hose and copper tube starts to leak. 

With this description of an apparatus for testing hose, the discussion of swell- 
ing and the factors involved in its measurement, insofar as they are of interest 
and importance to rubber laboratories, is brought to a close. The discussion and 
experimentation lay no claim to completeness; nevertheless sufficient informa- 
tion may have been given to enable the rubber specialist to understand the 
most important features of the subject. 


SUMMARY 


In making swelling measurements, which are carried out with great frequency 
today in rubber laboratories, the most varied procedures are in general use, 
some of which do not bear careful and critical examination. The most im- 
portant sources of error, which occur equally in all the methods, are first dis- 
cussed, then follows a detailed discussion of commonly used methods, particu- 
larly the gravimetric and volumetric methods in their various modifications. 
Especially useful methods are pointed out. The attempt is made to make the 
discussion clear by means of representative rubber mixtures chosen from prac- 
tice. Finally an experimental apparatus developed by the author from appara- 
tus already in technical use and well suited to rubber laboratories is described 
in detail. 
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The paramount importance of producing the correct state of cure in a rub- 
ber article is too well known to need further emphasis. In the light of this, 
statement, the necessity of possessing a convenient and accurate method of 
assessing the state of cure is obvious. Before the advent of the T-50 test, the 
state of cure was measured mainly by a determination of the quantity of sulfur 
combined with the rubber, of stress-strain properties, or of optimum resistance 
to aging. The determination of combined sulfur has a disadvantage which is 
immediately apparent; it is laborious. Also, the figure obtained includes the 
amount of sulfur combined with metallic oxides used as activators, and to get 
an accurate measure of the quantity of sulfur combined with the rub- 
ber, a second analysis must be undertaken. There is yet another disadvan- 
tage, namely, that sulfur-containing substances added to the rubber mix inter- 
fere with the determination. The determination of tensile strength, modulus, or 
resistance to aging cannot be regarded as suitable for giving an accurate mea- 
sure of cure, and are probably best looked on as complementary to the sulfur 
determination. With this state of affairs existing, it was only to be expected 
that, on the introduction of an entirely new and independent method of testing 
the state of cure, far-reaching claims should have been made, and also that the 
discovery should have been hailed as the elixir for all cure-testing ills. The pres- 
ent work was undertaken with a view to testing the validity of the claims put 
forward and to investigating, prior to the introduction of the T-50 as a routine 
test, the effect of variables likely to be encountered. 

The T-50 test. was first described by Gibbons, Gerke and Tingey!. The pro- 
cedure which these authors standardized was as follows. After being stretched 
to a known elongation and conditioned under a standard set of conditions, 
samples of the rubber under test were transferred to a Dewar flask containing 
acetone cooled to —70° C by solid carbon dioxide. After remaining for one 
minute in the stretched state, the samples were released, and the acetone bath 
warmed. Readings of the length of the test-pieces and the temperature of the 
bath were taken periodically, the samples being pulled taut by hand to elimi- 
nate the kinks which almost invariably occur when free retraction is allowed. 
From the plot of the length of a sample against the temperature of the bath, 
the T-50 value was obtained. The authors stressed the necessity of having a 
sufficiently great initial elongation, as the T-50 was found to approach a constant 
value as the elongation was increased. A low initial elongation, it was pointed out, 
would give rise to an abnormally low T-50 value, and certain standard testing 
elongations were recommended to be used for different types of stocks. The 
limitation that the test is restricted to qualities that can be stretched was men- 
tioned, as were the advantages over the other methods of testing, in that the 
determination is not subject to interference by sulfur-bearing fillers or accelera- 
tors, and the samples need not be measured as required in tensile tests. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 16, No. 3, pages 
138-156, October 1940. 
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Haslam and Klaman? found that no appreciable variation in the T-50 of a 
sample was experienced if the freezing temperature was varied from —70° C to 
—50° C, or if the test was carried out from 1 to 14 days after curing. These 
workers used the test in an investigation of the effect of various zine oxides on 
the rate of curing. In the same year as the publication of the latter paper, a 
communication by Tuley appeared. The rapidity and simplicity of the test 
were stressed and the advantage over testing by sulfur analysis was reiterated. 
The apparatus used differed from the original in that the testing rack, designed 
to hold eight samples, was placed horizontally in a shallow open pan. As regards 
the testing elongation, it was recommended that this should be between one- 
half and two-thirds of the breaking elongation. 350 per cent and 500 per cent 
elongations were used throughout according to the stock under investigation. 
Various practical applications of the test were described, including the determina- 
tion of the effect of antiscorch materials on the rate of curing, the codrdination 
of laboratory and factory cures, the control of the cure of finished products, and 
control testing for the activity of accelerators. 

The test received some prominence at the Rubber Technology Conference, 
1938. Two of the originators of the test had a part in one of the papers which 
was read*. To the literature was added a statement of the disadvantage that 
for some compounds containing more than 4 per cent combined sulfur, the test 
is insensitive. Also some interesting data concerning the relation between the 
combined sulfur per 100 parts of rubber and the T-50 were quoted in this 
paper. In the absence of zince oxide, the curves obtained by plotting the 
T-50 against total combined sulfur for four gum-stocks containing different 
accelerators were identical. On the contrary, the corresponding curves for stocks 
containing zinc oxide were not identical. No closer correlation was obtained 
when the combined sulfur value was corrected for the amount combined with 
the zine as zinc sulfide. 

In another paper, Roberts’ dealt exclusively with the application of the T-50 
test to the problem of the effect of different types of carbon black on the rate 
of vulcanization. It was pointed out that the investigations in this field had 
been carried out almost exclusively by means of stress-strain determinations, 
and that the necessity of a more accurate method of measuring the rate was 
evident. The work described in this paper consisted of testing stocks contain- 
ing quantities of three different carbon gas blacks, designated fast, medium and 
slow rate of curing. The testing elongation throughout was 350 per cent. Very 
good check figures were obtained, a maximum variation of +0.5° C being found 
for repeat tests carried out daily on the same stock. The rates of cure for the 
different blacks were compared by means of the T-50 values, and in the same 
way the rates for different loadings of the same black were compared. One im- 
portant factor, however, appears to have been disregarded. This is the effect 
that the addition of black will have, quite apart from any rate of cure effect. 
Thus the addition of black to a mix will increase the permanent set, and give 
rise to a higher T-50 value for the same state of cure. Therefore the differences 
observed by this investigator with the three types of black are possibly partly 
explained, though not of course wholly, by the different permanent set they 
induced in the rubber compound. It may be said with certainty, however, that 
the apparent excessive retardation, obtained on increasing the quantity of 
black, is explained in part by this permanent set effect, as the addition of high 
loadings of black will obviously increase the amount of permanent set. Also the 
practice of testing at 350 per cent elongation the T-50 of a stock containing 
low loading is hardly to be recommended, as the stock is approaching a gum 














FACTORS INFLUENCING T-50 503 


mix with a high breaking elongation. This factor undoubtedly contributes to the 
very low T-50 values obtained with stocks containing 10 parts of black on 100 
parts of rubber. Drogin®, speaking from a carbon black manufacturer’s point of 
view, recorded the observation that the ordinary physical and chemical tests 
which are usually carried out on black give little indication of the behavior 
of the black when mixed in rubber. The fact also that many of the laboratory 
tests for rubber-black compounds are either insensitive or do not demonstrate 
the essential characteristics of the black was mentioned. A number of recently 
developed tests were described, among which was the T-50 test. Some data 
on the effect of black on the rate of curing were given, but no analysis of any 
effects of the black on T-50, apart from rate of curing effects, was mentioned. 

A recent paper by Vila? is for the most part a critical analysis of the data 
that had already appeared in the literature, but one experimental study was 
described. In this work, the observation mentioned above, viz., that for gum 
stocks containing zine oxide there exists a different relation between the com- 
bined sulfur and the T-50 for each accelerator, was confirmed. It was also 
established that basic types of accelerators gave higher T-50 readings than acidic 
types for the same amount of combined sulfur. 

Apparatus and procedure-—The apparatus used in the work described below 
was of the open-pan type, similar to that described by Tuley*. The single 
testing rack, however, was replaced by sixteen individual racks. Each rack, 
capable of holding one test-piece, was marked in two positions so that a 14 
inch sample could be stretched to elongations of 350 per cent and 500 per cent. 
A stop was so set that when the sample retracted after release, the movable clamp 
holding it engaged when the elongation had been reduced to one-half the original. 
At the instant when the sample just became taut, the temperature of the bath 
was read and taken as the T-50 value. This procedure appears to have the dis- 
advantage that the operation of judging when the sample is just taut is probably 
more likely to be in error, due to the human element, than the method used in the 
original apparatus, where the sample is actually pulled taut by means of a cord 
attached to the movable clamp. The procedure of preparing the samples for 
test was as follows. The samples were clamped in the racks and then eased out 
to the required elongation. They were then allowed to remain racked for five 
minutes at room temperature, being transferred at the end of this period to the 
acetone bath which had been cooled to —55° C, and allowed to stand for a 
further minute before release. 

To check the accuracy of the apparatus, tests were carried out on samples 
from the same test-sheet of a tire tread quality A. It was found that for identi- 
cal samples tested at the same time, the variation of the T-50 was within the 
limits +0.5° C. Also identical samples were tested periodically over several 
weeks, and in this case the variation was +1° C. Thus there is a possibility of 
considerable error from determination to determination which is probably ex- 
plained by the following factors: first, the variations in the speeds of warming 
the bath by the use of the heating element when testing for T-50 and, secondly, 
the lack of uniformity of temperature throughout the bath. The latter factor 
must be more important in the open-pan type than in the original type of 
apparatus, as there is a large cooling surface in contact with either air or metal. 
The temperature in a Dewar flask is much more uniform than that in a shallow 
pan. 

The effect of conditioning the test-pieces between curing and testing was 
studied for tire stock A and also for a motor tube stock B. The samples were 
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tested on the same day as curing and on subsequent days, conditioning being 
carried out both in the room atmosphere and in a desiccator. The figures 
obtained showed an erratic day-to-day variation, but those given on the same 
day as curing were found to be abnormally low. Apparently no advantage 
accrued from the use of the desiccator, as the figures obtained under these con- 
ditions were as erratic as those given by room-conditioned samples. It was 
considered sufficient to condition samples for test by allowing them to stand 
for at least 24 hours in the room, and this practice was adhered to in the work 
described below. 

The influence of the racking time was next investigated. Samples of a tire- 
tread quality C, cured for 30, 45, 60, 90 and 120 minutes at 274° F, were 
racked for periods of 5, 10, and 15 minutes in the air before being transferred 
to the acetone bath to be frozen for one minute before release. The inference 
drawn from Table I is that the T-50 value is raised slightly by increasing the 
racking time. This phenomenon is readily understood when it is remembered 
that the permanent set produced in a sample will increase as the time of stretch- 
ing increases. As would be expected, the effect was most pronounced in the 


TABLE I 
Errect oF RACKING TIME ON THE T-50 
Cure at 274° F (min.) 30 45 60 90 120 
Racking time 
Sannin. goh4s ass +3.2 —2.0 —6.7 —13.7 —178 
USC) aan +38 —1.0 —6.0 —13.1 —17.0 
Lae ee +45 —0.7 —52 —13.0 —17. 
Tase IT 
Errect oF FREEZING TIME ON THE T-50 
Cure at 274° F (min.) 30 45 60 90 120 
Freezing time 
OAT ere +32 —2.0 —6.7 —13.7 —178 
RUNS os eb veSiee +38 —15 —6.0 —13.8 —178 
AT eee +38 —17 —6.0 —137 —18.0 


undercures. The period of 5 minutes for the racking time was maintained 
throughout the subsequent work. 

A similar determination was carried out to find the effect of the time during 
which the samples were allowed to freeze in the bath before release. Periods 
of 1, 3 and 5 minutes’ freezing were used. As shown in Table II, the variation 
caused by these changes was almost within the experimental error, although 
in the undercures there was a suggestion of an elevation of the T-50 value by 
increasing the freezing period. In the following investigation, a freezing time of 
1 minute was used. 

Having established the effects of the racking and freezing times, a third vari- 
able, namely, the temperature at which the freezing takes place, was investigated. 
Identical sets of samples were racked and introduced into the acetone bath 
as the latter was gradually warmed, the experiment being so arranged that each 
set of samples was given 5 minutes’ racking in air and 1 minute’s freezing in 
the bath at approximately constant temperature. The results of this experi- 
ment are given in Table III, and it is shown that the freezing temperature has 
strikingly little influence on the T-50 value. It may be concluded that the 
T-50 value is independent of the freezing temperature, provided that the latter 
is not in too close proximity to the T-50 value. 
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As mentioned earlier, the elongation at which the T-50 is tested is an important 
factor. To get a true measure of the state of cure, it must be sufficiently near 
the breaking elongation. When low elongations are employed, the T-50 values 
obtained are abnormally low. In Table IV are set out the results of tests on 
stocks A and D earried out at varying initial elongations. D was a _high- 
elongation stock with a higher rubber content, unaccelerated and containing 
43 parts of sulfur per 100 parts of rubber. As will be seen, the importance of 
the magnitude of the elongation at which the test is carried out depends on 
the type of mix. Thus with the tire tread stock A, it was sufficient to test at an 
elongation which was 60 per cent of the breaking elongation. On the other hand, 





Tase III 
Errect oF FREEZING TEMPERATURE ON THE T-50 

Cure at 274° F (min.) 30 45 60 90 120 
Temperature of bath— 

On intro- On release 

duction of samples 

—52°C —48° C +4.0 —2.0 —6.3 —13.5 —18.0 
—43° C —38° C +4.0 —2.6 —6.3 —126 —178 
—32°C —31°C +48 —1.5 —54 —13.0 —178 


TABLE IV 


Errect oF TESTING ELONGATION ON THE T-50 VALUE 


T-50 T-50 T-50 Elong. 

Cure (350 (500 (700 at break 

Stock (min. ) per cent) per cent) per cent) (per cent) 
30 + 49 + 5.0 -- 620 
45 0.0 — 2.0 —- 585 
A cured at 274° F....< 60 =~ 49 — 41 — 560 
| 90 —13.1 —12.0 ve 550 
120 —166 — aa 530 
20 —33.0 —10.5 — 850 
30 —38.0 —18.9 oo 835 
40 —442 —32.8 —23.5 855 
D cured at 298° F....< 50 —45.5 —37.2 —28.1 840 
60 —43.8 —38.1 —33.7 830 
70 — — —34.0 820 
80 — 43.2 —38.9 —348 810 


a testing elongation of 60 per cent of that at break was not enough for the unac- 
celerated gum mix D. 

Raw rubber and T-50—The following series of experiments were performed 
to find the effect of variations in the raw rubber on the T-50. First, the influ- 
ence of the different types of rubber was investigated. Samples of various 
types of raw rubber were selected and 550-gram batches of each were masticated 
on a laboratory mill for 15 minutes according to a fixed schedule. The masti- 
cated rubbers were tested for plasticity and recovery on a parallel-plate plas- 
tometer, and used in making up the following mix. 


Parts by weight 


UU ECS Te MC to C/o) nO ee 100.0 
RMN ee tata arees tae Marta ae onc aruda enero ohare WINS: aio Saas SLOTS aad 75.0 
RAN N GNIS DN cnc cr asta bay tiaraveov acl ava torra orssagatat eV st Seer a wieiGre arse we SinINL 1.0 
RSIMER ks es sterscarew'a se RDA We ei al acehel TOA ARLES SITET AID ASE IOS 2.5 
DACVCADTOUCHBOUTINTONS 64.6. c.0/sccco-s 0.010 5.040 ele daiweleaie se eetalarsiarernes 0.5 


PREMERA eh atc cores coe sas oo. 6S add ARES ta ade ws LTS Teg 10.0 








506 RUBBER CHEMISTRY AND TECHNOLOGY 


The mixes were made up according to a fixed mixing schedule, and test sheets 
were cured and tested for T-50 and free sulfur. Table V gives the descriptions 
of the various rubbers used, plasticity-recovery data and the code letter assigned 
to the mixing derived from each rubber. 

The method of measuring the plasticity and recovery was as follows. A 2-cc. 
pellet of the rubber was placed in the oven in which the plastometer was 
housed, and which was maintained at 96° C. After an interval of 15 minutes, 
the pellet was placed in the plastometer, and the thickness read at the end of 3 
minutes. This figure expressed in millimeters is called the plasticity. After mak- 


TABLE V 
































Type of rubber Plasticity Recovery Mix 
Smoked sheet no. 1................ 2.09 0.42 E 
Smoked sheet no. 1X............... 2.14 0.52 F 
Smoked sheet no. 3..............-+ 2.07 0.39 i 
RTO SEUAEH ick 5. oidin vin kine wie vino oierale 1.98 0.30 H 
CRIED 3 pas ho bess se ava awncpa nea 2.23 0.67 I 
SSO MNONIE TO: Biss oon scncsseccwcrs 2.04 0.60 J 
SORE MOS. sak su sewawa dudes 1.95 0.39 K 
Sh n Sr Py 
0 . 0 
-5$ -SF 
$ J 
2.10 A -10 
& lanl 
-15 € -1SF 
eT 
----- G 
Siete H 
-20 ouwe-ee | ~20 
wo—e= K 
14 “Tt 18 20 27 Te 18 20 22 74 
Combined sulfur (parts per 100 parts Combined sulfur (parts per 100 _ parts 
of rubber). of rubber). 
Fig. 1. Fig. 2. 


ing the above measurement, the pellet was removed and allowed to stand for 1 
minute in the oven. The increase in thickness during this period, expressed in 
millimeters, is the recovery. 

From a consideration of the free sulfur figures obtained on the corresponding 
mixes, the rubbers were found to differ widely in their effect on the rate of 
curing. As a general rule, it may be said that crepe rubbers are faster curing 
than smoked sheet rubbers. In Figure 1, the T-50 (tested at 500 per cent elonga- 
tion) is plotted against the quantity of combined sulfur expressed in parts per 
100 parts of rubber. The combined sulfur figures were obtained by subtracting 
the free sulfur from the total sulfur known to be present. It will be seen that 
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for each type of raw rubber there is a particular relationship between the T-50 
and combined sulfur. The curves appear to vary haphazardly, some being almost 
straight and one actually having a curvature of a different sign from the others. 

In exactly the same way the variation of a particular grade of rubber from 
various plantations was investigated. The grade chosen was smoked sheet No. 3, 
and Table VI contains details of the rubbers employed, together with results of 
tests on the masticated rubbers. 

The free-sulfur data illustrated the existence of large variations in the curing 
rate of different deliveries of the same grade of raw rubber. In Figure 2, T-50 
values are plotted against combined sulfur values. The curves obtained are 


Taste VI 
Plantation Date of delivery Plasticity Recovery Mix 
1 7/6/39 2.56 0.77 L 
2 31/5/39 2.40 0.65 M 
3 10/6/39 2.58 0.85 N 
4 22/6/39 2.10 0.41 iP 
1 23/6/39 2.30 0.42 Q 


Tas_e VII 


WEN i sh kOe ee oe Reet — R S T U 
Mastication time (min.)...... 0 15 25 35 50 
PAGRUCIUG % oaisinrnaicteag hi ccauwew sie 5.50 4.24 3.42 3.26 2.87 


Tasie VIII 
Errect oF MASTICATION ON RATE OF CURING 


Mix 
Cure at 298° F A 





-— 


(minutes) z S X's U 
10 + 1.0 + 2.2 + 10 —14 
1.61 1.67 1.61 1.97 
20 —11.7 —11.7 —10.7 —10.3 
1.99 1.99 1.97 2.07 
30 —15.3 —166 —153 —16.0 
2.33 2.29 2.18 2.22 
45 —21.1 —19.5 —22.7 —21.0 
2.35 2.37 2.16 2.33 
60 —23.0 —243 —249 —23.5 
2.20 237 227 227 


similar in shape and are more nearly coincident than those in Figure 1. It may 
be concluded that, although there are considerable differences in the rates of 
curing of various samples of the same grade of rubber, a particular combined 
sulfur value always corresponds with an approximately constant T-50 value. 
Mastication and rate of curing—Twenty-two hundred grams of smoked sheet 
No. 3 was masticated on a laboratory mill for 15 minutes, when a sample of 
550 grams was extracted. Mastication was continued for another 10 minutes 
before a second sample was taken. The remaining 1100 grams was masticated 
for a further 10 minutes and then split in half, one portion being given a final 
15 minutes’ working. Each sample of rubber was used to make up a mix exactly 
as described in the preceding section. The plasticity figures on the masticated 
rubber samples are given in Table VII, and VIII contains the data from the 
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cured sheets of the different mixes. The first figure for each sheet in Table VIII 
is the T-50 value; the second is the combined sulfur. 

With the mix used in these experiments, an occasional combined sulfur figure 
was obtained which appeared to be too low. This was confined to the over- 
cures, and no explanation was found. The T-50 and combined sulfur figures show 
clearly, however, that even the drastic mastication due to working on the 
laboratory mill has little effect on the rate of curing. This establishes that the 
variations in working of premasticated rubber used for mixing batches in the 
factory have little effect on the rate of curing of the mixed batches. 

To find whether the differences which are encountered during the processing 
of a rubber stock have any influence on the rate of curing, some tire tread 
rubber C was worked on the laboratory mill for periods of 15 and 30 minutes. 
Sheets were cured for 30, 45, 60, 90 and 120 minutes at 274°, and tested in the 
normal manner. The testing elongation was 350 per cent. By a consideration 


TasBLe IX 
Errect oF MAstTicaTION OF Mixep Rusper ON RATE OF CURING 


Mastication time (min.) 





Cure at 274° F tetra irises 


(min.) 0 15 30 
30 + 3.7 + 5.10 + 49 
1.41 1.36 1.87 
45 — 3.1 — 10 + 0.1 
1.99 1.93 2.02 
60 — 64 — 63 — 69 
2.18 2.13 2.10 
90 —138 —120 —116 
2.46 237 2.39 
120 —17.0 —17.1 —15.0 
2.54 2.53 2.59 


of the figures in Table IX, it may be seen that the rate of curing, measured 
either by T-50 or combined sulfur, has been strikingly little influenced by the 
mastication. It may be concluded that the comparatively small variations in 
the amount of working which batches normally receive in the factory should 
have little effect on the rate of curing. 

Also when the figures in Tables VII and IX are plotted, it is found that the rela- 
tionship between the T-50 and the combined sulfur for a given mix is not mate- 
rially altered by mastication of the rubber. 

T-50 and accelerators—To examine the influence of various accelerators on 
the T-50, the following mixes were prepared: 


V WwW X 4 

Smoked sheet rubber.............. 100.0 100.0 100.0 100.0 
LAPSES TST EE eel ee ET eee ee 10.0 10.0 10.0 10.0 
SURNEIN t ee Soo Winn thu nina 75.0 75.0 75.0 75.0 
CPO SES BS ee ED eee ee 1.0 1.0 1.0 1.0 
MLE TSECL RATES tos So ochE Kean bea cn 25 25 2.5 2.5 
Diphenylguanidine ............... 10 — 0.2 

Mercaptobenzothiazole ........... — 0.75 — — 
Dibenzthiazyl disulfide ........... -- — 0.6 — 


Tetraethylthiuram disulfide ....... a _ _- 0.5 











FACTORS INFLUENCING T-50 509 


Tests sheets were cured for 5, 10, 15 and 20 minutes at 298° F, and tested 
for T-50 (at 500 per cent elongation) and combined sulfur. The mixes were 
also tested for resilience by means of the Goodrich flexometer. V was found to 
heat the most and to have the highest permanent set, whereas W was rather 
better. X and Y were about equal and better than W. It was thought that the 
different resiliencies which the accelerators impart might cause different T-50- 
combined sulfur relationships. That this was not the case is shown in Figure 3, 
where the T-50 is plotted against the combined sulfur. The points le approxi- 
mately on one curve, indicating that there is one relationship between the T-50 
and combined sulfur for the four mixes. This result is at variance with data 
given in papers by Vila’ and Gibbons, Gerke and Cuthbertson*. These workers 
found that with stocks containing zine oxide, a specific relationship existed for 








T-50 (°C). 


~ 20) 























19 1 i¢ a z 22 24 26 28 
Combined sulfur (parts per 100 parts Combined sulfur (parts per 100 parts 
of rubber). of rubber). 
Fic. 3. Fic. 4. 


each accelerator used. It should be mentioned, however, that the previous work- 
ers used gum mixes, whereas the mixes used in the present work contained a 
considerable quantity of barytes. It is possible that differences due to accelera- 
tors may not be so important in loaded stocks as they are in gum stocks. No 
explanation of this absence of a general relationship in gum stocks has been 
put forward; the writer suggests the varying degrees of resilience imparted 
by accelerators to be a factor. It may be deduced from a perusal of Figure 2 in 
the paper by Vila? that for the same quantity of combined sulfur, a stock which 
possesses a high resilience gives a lower T-50 value than a low-resilience stock. 

Effect of stearic acid—To investigate the influence of variations in the stearic 
acid content the following mixes were prepared: 


Z AA AB AC AD 
Smoked sheet rubber..... 100.0 100.0 100.0 100.0 100.0 
PARC CRIGC: iss ovals ss oan 5.0 5.0 5.0 5.0 5.0 
PMINIMEN: citi Sts a hinienein- ete 3.0 3.0 3.0 3.0 3.0 
Mercaptobenzothiazole ... 0.5 0.5 0.5 0.5 0.5 


BUGALIG! ACID . oes kes cece — 0.5 1.0 2.0 3.0 
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Sheets were cured for 10, 20, 30, 45 and 60 minutes at 298°, and tested for 
T-50 and combined sulfur. Compound Z was shown to be slower curing than 
the other four mixes, as would be expected. Lower combined sulfur values and 
higher T-50 figures were derived from the sheets of compound Z. That this 
lowering of the T-50 by addition of stearic acid was not wholly due to the 
effect on the cure, however, is shown in Figure 4 here T-50 is plotted against 
combined sulfur for the five mixes. The curves for AA, AB, AC and AD, although 
not coincident, are close together, but that for Z is quite different. For the 
same combined sulfur value, Z shows a lower T-50 than the other four qualities. 
This phenomenon is probably due to a permanent set effect, the stearic acid 
lubricating the rubber molecular fibres, so that they slide one over the other 
on extension. In this manner the internal structure may be modified, and a high 
T-50 value may result, owing to permanent set. The initial small addition of 
stearic acid was sufficient to give rise to this effect, and larger additions had 
little further influence on the relationship between T-50 and combined sulfur. 


TABLE X 
IrFect OF SOFTENERS ON T-50 or RAw RvuBBER 

T-50 (350 per 

cent elongation) Plasticity Recovery 
Unmasticated rubber ....... +13.4 6.13 — 
Masticated rubber ......... +15.0 2.56 0.95 
Stearic acid added.......... +17.9 2.36 0.38 
Pine tar oil added........... * 2.20 0.46 


* Sample had not retracted to 50 per cent of its original elongation when temperature of the 
bath reached 30° C. 


Samples may be cut from raw rubber and the T-50 determined in the manner 
described for vuleanized rubber. Three equal quantities of smoked sheet rubber 
were masticated for 8 minutes on the laboratory mill, nothing being added to 
the first batch, 5 per cent of stearic acid to the second and 5 per cent of pine 
tar oil to the third. Each batch was tested for T-50, plasticity and recovery, the 
results being shown in Table X. 

Stearic acid and, to a greater extent, pine tar oil raised the T-50 value of raw 
rubber. That this was not entirely due to the greater breakdown of the rubber 
was demonstrated by the fact that the plasticity and recovery figures were only 
slightly reduced by the addition of the softeners. It is believed that this phe- 
nomenon is explained, as suggested above, by the influence of the softeners on 
the internal structure of the rubber. 

Effect of filling agents—The next series of experiments was conducted with a 
view to determining whether the nature and quantity of a filler added to a rub- 
ber mix had any influence on the T-50. China clay, whiting, blane fixe and 
Thermatomic black were used; the actual mixes tested are given below. The 
quantities were so arranged that the volume loadings of china clay in AI, AJ 
and AK were equal to those of whiting in AL, AM and AN, respectively. Simi- 
larly the volume loadings of blane fixe and black in their respective mixes were 
identical with those of china clay in AI, AJ and AK. 
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AH AI AJ AK AL AM AN 
Smoked sheet rubber........ 100.0 100.0 1000 100.0 100.0 100.0 100.0 
ABO HERIOG: os sisson dhce ba ere% 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
<1) LCD SIR A Pe eee ee irre 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
Mercaptobenzothiazole ..... 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
eC COMES CT, On a 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
CRIA OAT 6 66.cdeiserrisewesics — 250 500 750 — — —- 
RPMMEADE, cc cwiesanwalee cuwrs metre — — — — 260 520 78.0 
SUMO OS cc aisiatrs sree sacccares — — — — — — — 
LS ee re er ror — — — — — — — 
AO AP AQ AR AS AT 
Smoked sheet rubber.......... 100.0 1000 1000 1000 1000 100.0 
MOAN o6. 6 5G SS Cac espe 5.0 5.0 5.0 5.0 5.0 5.0 
SNNRE NU tse doe hs ne Prete 3.0 3.0 3.0 3.0 3.0 3.0 
Mercaptobenzothiazole ....... 0.5 0.5 0.5 0.5 0.5 0.5 
PAINS” OH icesgic os wareiawrerere 0.5 0.5 0.5 0.5 0.5 0.5 
NORMED? a oie sg eacaeateeo-sw sinreee-s — — — — — — 
WU MANNE a2 rao Sose/ore'avavare ai gidisletcar — — — — — — 
MENG WER 564000 bs Caiaeaawisit-s 40.4 80.8 121.1 — — — 
MLA cn cos ercodictartec aia eet — — — 17.1 34.2 51.3 


As before, sheets were cured and tested. According to the combined sulfur 
figures, blanc fixe and Thermatomic black had a small accelerating effect on the 
cure, china clay caused a small retardation, and whiting was without effect. In 
Figures 5, 6, 7 and 8 the T-50 is plotted against the time of cure for each set 
of mixes. For a given length of cure, an increase in the filler content gave rise to 
a higher T-50. In the case of blane fixe, whiting or black this cannot be due to 
any effect on the rate of curing. In Figure 9 the T-50 values are plotted against 
the combined sulfur values of the mixes containing Thermatomic black. It will 
be seen that for a given combined sulfur value an increase in filler content gives 
rise to a higher T-50 value. The same conclusion was reached from a considera- 
tion of the results from the mixes containing the other three fillers. The explana- 
tion for this elevation of the T-50 value may be found in the greater degree of 
permanent set caused by the filler. 

Applications of the test-——-To use the test to measure the state of cure of a 
compound, the latter must be calibrated by determining the T-50 of vulcanizates, 
the combined sulfur values or physical properties of which are known. The 
relation between the T-50 and that property which was previously used to 
measure the state of cure can then be found. The foregoing work has shown 
that in the event of even a slight change in the mix, the calibration must be car- 
ried out afresh. 

The test has been used with success in controlling the cure of tire tread and 
inner tube stocks. An attempt to apply the test to a class of compounds used as 
linings for automatic milking machines, however, did not meet with the same 
success. These compounds possessed a high rubber content, and were cured on 
mandrils in open steam. The T-50 test was not accurate, the values varying 
erratically from one experiment to another. When samples of these compounds 
retracted during the test, they invariably performed a series of contortions, some- 
times winding themselves round the testing rack. As a consequence, a consid- 
erable time elapsed between the moment the movable clamp reached the stop 
and the instant at which the sample was just taut. This behavior was not 
encountered to the same degree in other compounds, and it was thought that 
it might have some bearing on the lack of accuracy in this case. An attempt was 
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also made to apply the test to a low-sulfur gas mask quality accelerated by a 
mixture of mercaptobenzothiazole and tetraethylthiuram disulfide. The mix con- 
tained 85 per cent of rubber and 1.25 parts of sulfur per 100 parts of rubber. 
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Sheets were cured for 5, 10, 15 and 20 minutes at 298° F, and submitted to stress- 
strain, free sulfur and T-50 tests (Table XI). 

With this low-sulfur compound, sulfur determinations are subject to little 
change as the cure is lengthened in the region of the optimum cure. It was 
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hoped that the T-50 might show a more favorable rate of change, but the 
results show that with a possible error of +1° C, the T-50 test is no advance 
on the free sulfur determination. In this case also, no advantage in sensitivity 
was derived by increasing the testing elongation from 500 to 700 per cent. The 
curves connecting the time of cure with the T-50 measured at the two elongations 
were almost parallel. 




















0 ii ~ 
- N 
~10F 
o 
% -20F 
— 
~30} \. 
VN 
Se os ee VA 
semen. AR \ 
ewwwnnee AS : 
—40} AT 
18 21 24 27 
Combined sulfur (parts per 100 parts of rubber). 
Fig. 9. 
TasBLe XI 
T-50 or A Low-SuLFur QUALITY 
Modulus 
Tensile at 500 per . 
Cure at strength cent Elong. at T-50 T-50 Free 
298° F (lbs. per (lbs. per break (500 per (700 per sulfur 
(min.) sq. in.) sq. in.) (per cent) cent) cent) (per cent) 
5 2490 300 830 +59 +8.2 0.48 
10 2230 400 740 +10 428 0.14 
15 2950 350 800 —10 —0.2 0.10 
20 2320 320 780 —3.3 —1.0 0.07 


In conclusion, the author wishes to express his gratitude to the Avon India 
Rubber Co., Ltd., for permission to publish the results contained in this paper. 
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R.A.B.R.M. HARDNESS METER * 
J. R. Scorr and R. G. Newton 


I. INTRODUCTION 


The R.A.B.R.M. Hardness Meter has been designed by the Research Asso- 
ciation of British Rubber Manufacturers to provide a simple and compact 
instrument for measuring the hardness of rubber in terms of a generally recog- 
nized and precisely definable scale of units. 

The small pocket-type hardness gauges hitherto available have suffered from 
the disadvantage of giving readings in arbitrary units not clearly related to the 
fundamental units of measurement, and of differing from one type of instrument 
to another. 

With the object of eliminating the confusions and difficulties arising from 
the use of a multiplicity of arbitrary hardness scales, the British Standards Insti- 
tution has recently introduced the British Standard (B.S.) Hardness Number 
and a corresponding method of test. These constitute a precisely defined and 
reproducible standard for measuring and expressing the hardness of vulcanized 
rubber, which it is hoped will become generally adopted in this country. The 
B.S. Hardness Number is defined as the difference between the depths of pene- 
tration (in 100ths of a mm. of a rigid ball s% inch in diameter, pressed on to the 
rubber by loads of 30 grams and 565 grams acting for periods of 5 seconds and 
30 seconds, respectively (see B.S. No. 903-1940, British Standards Methods of 
Testing Vulcanized Rubber). 

Hitherto the only instruments capable of measuring hardness in this way 
have been relatively elaborate laboratory instruments, such as the R.A.B.R.M. 
gauge (cf. Daynes, Johnson and Scott, Trans. Inst. Rubber Ind. 6, 63 (1930)). 
There is thus a need for a simple and robust gauge of the pocket type which 
will give the B.S. hardness reading. The R.A.B.R.M. Hardness Meter fulfils 
this need, since it embodies, as nearly as the limitations of a pocket-size instru- 
ment will allow, the British Standard method of test, and thus gives directly the 
B.S. Hardness Number without recourse to conversion charts or tables, as has 
been necessary with the pocket gauges hitherto in use. 


II. DESCRIPTION OF THE HARDNESS METER 


The instrument comprises a dial micrometer gauge, the stem of which extends 
downwards through a cylindrical casing terminating in a flat circular foot 1.0 
inch in diameter. The end of the stem, which is a hemisphere of s% inch in 
diameter, projects through the centre of the foot, and forms the indentor. The 
casing contains a helical spring which presses the indentor into the rubber. To 
assure correct readings, each instrument is checked against a standard dead-load 
instrument (R.A.B.R.M. gauge) and the spring pressure corrected, if necessary, 
by an adjusting device. Once this device is correctly set, it is sealed up inside 
the gauge so that there is no chance of accidental displacement. The gauge face 
can be rotated and fixed as required by a clamp; this enables the zero to be 
readjusted if necessary (see Section 3). 


* Reprinted from the Journal of Rubber Research, Vol. 9, No. 11, pages 91-97, November 1940. 
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The units on the gauge dial are 100ths of a mm., and a small auxiliary dial 
indicates the number of complete revolutions of the pointer, i.e., hundreds of 
units, thus facilitating the taking of readings greater than 100. The gauge read- 
ing, in these units, is the B.S. Hardness Number. 

The instrument is quite compact, the dial gauge being about 2 inches in 
diameter and the attached casing 2 inches long. The Meter is supplied fitted 
in a box measuring 5x 23x 14 inches. In view of the widespread use of Shore 
Durometer readings for expressing the hardness of rubber, a graph for convert- 
ing Shore to B.S. hardness values is supplied with each instrument (this is 
reproduced in the accompanying Figure 1). 


Correcation Between BS. Haroness Numacr 


aia HORE . Reaome. 
Reece lOmm Tucr ] 


B.S. HARDNESS NuMBER [RABRM Gavce.] 
Pie. i, 


III. METHOD OF USE 


The Hardness Meter is held by gripping the lower part of the cylindrical 
casing between the thumb and first finger, and pressing the circular foot gently 
and evenly on to the surface of the rubber. As with all hard instruments for 
measuring hardness, it is particularly important to avoid excessive pressure when 
testing very soft rubbers. There is a temptation to increase the pressure until 
the reading no longer changes, but this will lead to incorrect results. The pres- 
sure should be just sufficient to insure that the foot is evenly in contact with 
the rubber surface. When the instrument is pressed on to a flat rigid surface, 
e.g., glass, it should read zero. If the reading deviates from zero, it must be 
corrected by rotating the gauge face, using the clamp to fix it in the correct 
position. 
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With some rubbers the reading tends to increase gradually if the instrument 
is held on. the rubber for some time. In such cases the reading immediately after 
applying the instrument should be taken, as this procedure is followed during 
the initial adjustment. 

When testing rubber specimens, as distinct from finished articles, these should 
preferably be about 1 em. thick, with flat parallel faces; specimens should 
always be rested on a flat rigid surface. For further information regarding the 
dimensions of specimens, B.S. No. 903-1940 should be consulted. 


IV. COMPARISON WITH SHORE DUROMETER 


The relation between the readings of the Hardness Meter (7.e., B.S. Hardness 
Numbers) and those of the Shore Durometer, Type A, is shown in Figure 1. 

An important point in connection with any measuring instrument is the con- 
sistency of the readings, either in repeat measurements by the same observer 





TABLE I 
Hardness Meter Shore Durometer 
B F G H J K B F G H J K 
Observer: 1..... 9 £6 77 ti t7 48 89 6 & 4 38 37 


195 58 76 114 1335 144 89 64 555 45 39 373 
19 58 765 113 13825 1444 90 65 535 455 38 38 
19 61 753 1113 1382 148 90 64 54 453 384 37 


Banas 20 57 79 110 1386 144 88 64 54 44 39 37 
20 57 78 115 185 144 88 62 54 45 40 37 
20 62 79 115 1385 41438 88 61 54 45 40 37 
20 55 77 41138 #1383 #4147 89 62 54 44 40 36 


i> ese 24 55 80 113 136 144 86* 62 53 43 39 36 
20 56 76 I11 1384 #%145 88 638 55 44 39 37 
21 55 76 114 #135 1438 90 64 53 43 39 36 
22 60 78 114 #1385 #4142 89 6 53 43 40 36 


2 22 57 80 117 +126 144* 89 65 55 46 44 40 
21 64 79 110 124 #132 #88 66 #58 45 45 48 
20 61 76 115 126 1384 89 65 57 47 46 40 
20 57 7 114 #125 #134 89 65 57 45 43 40 


Breco. 20 59 7 4112 120 135 89 638 55 45 43 40 
20 55 78 109 123 137 89 64 55 45 43 40 
22 55 79 108 124 1385 90 65 54 45 42 40 
18 58 79 107 124 131 90 65 55 47 43 40 


Mean readings: 

Observer: 1... 19 58 76 112 1384 148 90 64 54 45 38 37 
. 20 58 7 113 41385 14 8 @ 58 4 3 37 
.. 22 56 78 113 134 143 89 64 54 438 38 £36 
.. 21 60 78 114 125 183 89 65 57 46 44 42 
.. 20 57 78 109 1238 134 90 64 55 46 43 £40 
Grand mean .... 204 578 776 112.2 130.2 139.4 89.2 638 548 448 404 384 


* Omitted from mean. 


Cre Cobo 


or among the results of different observers, since this factor determines the 
ability of the instrument to distinguish with certainty between different rubbers. 
This point has accordingly been examined by comparative tests against the 
Shore Durometer. 

Six rubbers, varying from very hard to very soft, were tested by each of five 
observers, some experienced and some inexperienced in hardness testing. All 
the tests on each rubber were made within a relatively small selected area so 
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or 
— 
~I 


as to minimize the effects of any nonuniformity. Each observer made four read- 
ings on each rubber; complete results are given in Table I, the rubbers being 
denoted by the letters B, F, G, H, J, and K. 

Variation among readings by same observer—tThis is conveniently estimated 
by taking the range of variation among the four readings by the same observer 


Tasie II 


Mean RANGE or Four ReapINGS BY SAME OBSERVER 


1 2 3 
Shore Durometer 
Hardness Shore in B.S. 
Rubber Meter Durometer Hardness Units 
Bae aiaouse Ne Rare ee 21 12 2.2 
| Pied See gae EE 5.0 2.0 3.6 
OA eG ene 29 16 4.0 
Ear Pee eres 46 13 48 
eae iewiacecnes 3.4 14 6.1 
2 RETRO eens 3.3 12 5.5 





Fic. 2. 


on the same rubber. There was some evidence that the more experienced ob- 
servers (Nos. 1 and 2) cbtained more uniform results than those with less 
experience, but as the difference was not large, it is convenient to average the 
results for all five observers. The mean ranges so obtained are given in columns 
1 and 2 of Table II. 

An interesting point in these results is that the range does not depend on the 
hardness of the rubber, as there is no progressive change from B to K. 
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It might appear from columns 1 and 2 that the Shore Durometer was the 
more accurate instrument, but it must be remembered that the two sets of 
figures are in different units and, therefore, are not truly comparable. From the 
slope of the correlation curve in Figure 1, it is possible to convert the Durometer 
figures into B.S. hardness units (column 3) and so make them comparable with 
the Hardness Meter figures. Comparison of columns 3 and 1 shows that the 
Meter gives definitely more uniform readings on the four softer rubbers, that 
is above a BS. hardness number of about 70; below this the advantage seems 
to lie with the Durometer. 

So far as concerns the consistency of readings obtained by the same observer, 
therefore, the Hardness Meter is on the whole at least as good as the Shore 
Durometer. 

Variation among readings by different observers—The utility of a measuring 
instrument for general use is largely determined by its ability to give substantially 
the same results in the hands of different observers. It is therefore particularly 


Tasie III 


RANGE OF VARIATION AMONG Five OBSERVERS 


1 2 3 
Shore Durometer 
Hardness Shore in B.S. 
Rubber Meter Durometer Hardness Units 
Ie De cua sip Mae ae © 3 2 3h 
Bee ec a eee 4 3 54 
SE ee ere 2 3 74 
| Ley re 5 3 11 
: eer 11 6 26 
DRG sami Seem wis 11 6 27 


important to consider the variation among the mean results obtained by the 
five observers. This is again conveniently examined by using the range of varia- 
tion among the five means (see Table III). In this case the range is greater 
on the softer rubbers. Comparison of columns 1 and 3 shows that the advantage 
is always with the Hardness Meter, and becomes very important on the softer 
rubbers. 

Discrimination between different rubbers—The practical value of the data 
in Tables II and III lies in the fact that they show how small a difference in 
hardness between two rubbers can be detected with reasonable certainty. As- 
suming that four readings are taken and averaged, as recommended in BS. No. 
903-1940, the smallest clearly discriminable difference in the case of tests by the 
same observer is 0.7 times the range figure in Table II, and in the case of tests 
by different observers 1.2 times the range in Table III. The values of the smallest 
discriminable difference, at various degrees of hardness, are shown in Table IV; 
to eliminate irregularities due to experimental error, these have been read from 
smoothed curves plotted from the experimental values. 

It will be seen that any one observer using the Hardness Meter can distinguish 
with fair certainty between rubbers differing by only 2 or 3 B.S. hardness units. 
With the Shore Durometer, this is possible only on the harder rubbers, the 
discrimination becoming worse on the softer rubbers. 

When different observers are concerned, the discrimination is naturally not so 
good, and indeed becomes very poor with the Durometer on the softest rubbers. 
The poor discrimination of the Durometer with such rubbers is strikingly shown 
by the results for rubbers H, J, and K. In Figure II, the shaded columns repre- 
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sent the range of variation among the five observers’ results for these rubbers. 
With the Durometer there is such a big overlap between J and K that one ob- 
server testing K might easily obtain a higher reading than another observer 
testing J, thus making K appear harder than J, whereas it is really softer. Indeed, 


Taste IV 


SMALLEST DISCRIMINABLE DIFFERENCE BETWEEN Two RuBBERS 
(in B.S. Harpness Units) 








Tests by same observer Tests by different observers 
Hardness F , A 

No. Hardness Meter Shore Durometer Hardness Meter Shore Durometer 
20 2 14 34 4 

50 24 24 34 6 

80 24 3 4 9 
110 24 34 6 13 
140 2i 4 b+ 35 + 


K approaches so near to H that even these two might be made to appear of 
similar hardness, in spite of the fact that K is much softer than H. 

With the Hardness Meter the chance of obtaining such misleading results 
is much smaller, since J and K overlap only slightly and H and K are so widely 
separated that confusion between them is virtually impossible. 








DETERMINATION OF FREE SULFUR 
IN VULCANIZED RUBBER * 
J. G. Mackay and C. H. J. Avons 


Avon InpIA Runper Co., Lrp., ENGLAND 


In a rubber laboratory controlling uniformity of factory production by physi- 
cal and chemical testing, free sulfur is perhaps the most important determination. 
In this investigation recently described methods for determining free sulfur have 
been compared. 

A previous examination by one of the present authors of various methods of 
estimating free sulfur! led to the adoption of a procedure comprising oxidation 
of the dried acetone extract by a mixture of nitric acid, perchloric acid and 
bromine, followed by evaporation with sodium chloride and hydrochloric acid 
before precipitation of sulfate in the usual manner with barium chloride. In the 
Avon laboratories considerable use has also been made of the method recom- 
mended by the Rubber Division of the American Chemical Society, in which 
bromine alone is used to oxidize the acetone extract, and the sulfate so produced 
is estimated gravimetrically as the barium salt’. Both methods are accurate, 
but they are not sufficiently quick for effective factory control. Meantime there 
had been published several new methods of determining free sulfur which were 
claimed to be quicker than the older procedures. With the aim, therefore, of 
finding a rapid method more suited to the requirements of a control laboratory, 
the following methods have been compared. 

Methods 1 and 2 below were included as controls. As test-samples, 22 dif- 
ferent general rubber products selected from factory production were used. 
Each product contained at least one sulfur-bearing ingredient in addition to the 
sulfur added to effect vulcanization. 


EXPERIMENTAL 


The procedures for each method were as follows. 

(1) Bromine oxidation of the acetone extract (method of the Rubber Division 
of the American Chemical Society) —To the dried acetone extract are added 
50 to 60 ec. of distilled water and 2 to 3 cc. of bromine. More bromine should 
be added if the appearance of the acetone extract indicates any considerable 
amount of sulfur present. After thirty minutes’ gentle warming, the excess bro- 
mine is boiled off and the solution, which should be colorless, or nearly so, 
filtered, boiled and sulfate precipitated with barium chloride solution as usual. 

(2) Nitric acid, perchloric acid and bromine oxidation of the acetone extract 
(Mackay!) —The acetone extract is transferred to a Kjeldahl flask and the 
solvent removed by distillation. The dried extract is then treated with a mixture 
of 10 ec. of fuming nitric acid (d. 1.50), 5 ce. of perchloric acid (d. 1.54) and 
0.5 ec. of bromine. The mixture is warmed gently for thirty minutes and then 
boiled to complete oxidation. The contents of the flask are then transferred to 
a dish and evaporated with 1 gram of sodium chloride, followed by evaporation 
with 10 ec. of concentrated hydrochloric acid. The residue is then taken up 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 16, No. 3, pages 
117-122, October 1940. 
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with a little more hydrochloric acid and distilled water, and the sulfate present 
precipitated in the usual manner with barium chloride. 

(3) Copper spiral method (Hardman and Barbehenn*)—One to 2 grams of 
finely divided rubber are extracted with boiling acetone in an Underwriter’s 
apparatus. Immersed in the acetone throughout the extraction is a spiral of 
pure copper made from 40-mesh gauze cut into a narrow strip } inch wide and 
1S inches long and shaped around a pencil. After extraction, the acetone is 
decanted and the sulfurized copper spiral washed with fresh acetone until free 
of organic and resinous substances. The flask containing the spiral is dried at 
a temperature between 60 to 80° C, and the flask is then connected to a gas- 
evolution apparatus suitably equipped with a thistle funnel and leading tube. 
Hydrogen sulfide gas is evolved by the addition of 20 ec. of concentrated hydro- 
chlorie acid, and is absorbed in an ammoniacal solution of cadmium chloride. 
After approximately 5 minutes, an air stream is passed to carry forward any 
gas remaining in the apparatus. Care must be taken to keep the cadmium chloride 
solution alkaline. To the absorption flask is added standard potassium iodide- 
iodate solution in excess, followed by 10 cc. of concentrated hydrochloric acid. 
The mixture is shaken, after one minute starch solution is added, and the excess 
iodine titrated with standard sodium thiosulfate solution. Great care must be 
exercised when decanting the acetone from the copper spiral in the extraction 
flask to avoid any loss of the copper sulfide film through sealing. 

(4) Volumetric method involving no acetone extraction (Guppy?) —Two grams 
of finely divided rubber are cut into small pieces, and boiled with concentrated 
hydrochloric acid for one to three hours to decompose mineral sulfides. The 
acid is removed by decantation, the rubber washed and transferred to a 600-ce. 
wide-necked flask fitted with a reflux condenser. The flask contains 50 grams 
of pure granulated tin, 100 ec. of mixed equal volumes of glacial acetic and con- 
centrated hydrochloric acids are added, the mixture is heated to boiling, and 
the hydrogen sulfide gas evolved is carried forward by a stream of sulfur-free 
carbon dioxide gas into an absorption flask containing a solution of cadmium 
acetate. Boiling is continued vigorously for 1.5 hours. To the absorption flask 
are added an excess of 0.1 N iodine solution and 5 ce. of concentrated hydro- 
chloric acid. The excess iodine is titrated against 0.1 N sodium thiosulfate, the 
free sulfur being calculated from the volume of iodine solution required to 
oxidize the cadmium sulfide. 

(5) Volumetric method comprising oxidation to sulfate, precipitation with 
excess of a standard solution of barium chloride and back titration with standard 
sodium sulfate using sodium rhodizonate as outside indicator (Robertson and 
Young’).—One gram of finely divided rubber is extracted with boiling acetone, 
and the acetone solution is transferred to a Kjeldahl flask. The acetone is re- 
moved by distillation and the dried extract is oxidized by means of nitric acid, 
perchloric acid and bromine. The contents of the flask are then evaporated 
with sodium chloride and concentrated hydrochloric acid and finally taken up 
with 200 ce. of distilled water and 1 ec. of N hydrochloric acid. The solution is 
then boiled, and 25 cc. of 0.02 N barium chloride solution added gradually, : 
drop of the solution being tested finally to insure an excess of barium chloride. 
This is done by spotting on a prepared sodium rhodizonate paper, which gives 
a red stain with excess of barium. The solution is then titrated with standard 
0.02 N sodium sulfate and, when near the end-point, is boiled for two minutes. 

(6) Treatment with aqueous sodium sulfite—The original method devised 
by Bolotnikov and Gurova® specified boiling of the thinly sheeted rubber with 
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aqueous sodium sulfite for two hours under a reflux condenser. Subsequently, 
Oldham, Baker and Crayton? showed that it is necessary to apply a correction 
for mercaptobenzothiazole content which is oxidized to benzothiazyl disulfide on 
boiling with sodium sulfite, and therefore gives rise to high results. In addition, 
it was stated that besides all common fillers, softeners, etc., the following com- 
pounds have no effect on the accuracy of the method: thiocarbanilide, guani- 
dines, aldehydeamines, tetramethylthiuram monosulfide, mercaptobenzothiazole, 
benzthiazyl disulfide, p-aminophenol, naphthylamines, xanthates, carbamates, 
and Vulcone. Accelerators such as tetramethylthiuram disulfide, which also func- 
tion as vulcanizing agents, liberate available sulfur during the heating with 
sodium sulfite, and thus influence results. 

It was considered by the present authors, however, that some difficulty might 
be experienced in extracting free sulfur completely with sodium sulfite, owing 
to insufficient wetting of the rubber in spite of fine comminution. Previous un- 
published work by the present authors on the estimation of free selenium in 
rubber by extraction with aqueous sodium sulfite supported this view; free sulfur 
was removed with the selenium, but iodometric titration of the former was not 
found to be concordant or quantitative over a number of estimations. It was 
therefore decided to modify the method of Bolotnikov and Gurova®. The sample 
was first extracted with acetone, and then the dried acetone extract was boiled 
under reflux for two hours with 100 cc. of 5 per cent aqueous sodium sulfite. 
The solution was then cooled, filtered, washed, and 5 ec. of formaldehyde (40 
per cent) solution added to destroy excess sulfite. The mixture was acidified 
with 20 ce. of 20 per cent acetic acid, and the sodium thiosulfate so formed titrated 
directly against 0.1 N iodine. The results given in a few preliminary trials by 
this modified method were so satisfactory that it was decided to include it in 
the present investigation. 

In Table I are given the results of free sulfur determinations on each sample 
by each of the selected methods. 


DISCUSSION 


The results given by the oxidation methods (1, 2 and 5) are in good agree- 
ment, but all such methods yield results higher than the true free sulfur present 
in the rubber, owing to the inclusion in the determination of sulfur present in 
acetone-soluble sulfur-bearing ingredients of the mix’. The magnitude of this 
error is demonstrated by the lower figures furnished for several of the samples 
by methods 3, 4 and 6, which determine only the true free sulfur. 

Mention has already been made of the tedious nature of the bromine method 
of the Rubber Division of the American Chemical Society?, and of the perchloric 
acid method developed by one of the authors', but further objections to these 
methods are that bromine is an unhealthy reagent, and perchloric acid is not an 
entirely safe material to be used in a control laboratory manned by relatively 
untrained assistants making a number of free sulfur determinations daily. 

The copper spiral method of Hardman and Barbehenn® proved easy to 
manipulate. As cork and rubber deteriorate under exposure to hydrogen chloride 
gas, all connections in the reduction apparatus should be of ground glass. One 
objection to the method is that the apparatus necessary for routine work in a 
factory laboratory would be considerable and somewhat bulky. The method is, 
however, convenient if one or two results are required early in the morning fol- 
lowing sampling, acetone extraction having been performed overnight. Another 
weakness of the method is its inaccuracy with qualities yielding large acetone 








METHODS FOR FREE SULFUR 





TaBLe I 
Free Sutrur (Per Cent) 
Method 
Sample Sulfur-bearing P 
No. ingredients 1 2 3 4 5 6 
A/1 Vermilion (3.5 per cent).. 030 035 033 030 0384 081 
A/2 042 042 0438 040 O41 048 
B/1 Vermilion (6 per cent).... 0.21 0.17 021 0.21 0.22 0.18 
0.24 
B/ 015 016 O15 O17 013 0.18 
C/1 Vermilion (5 per cent).... 114 116 1.14 112 117 1.19 
C/2 123 120+ J47 196 12) 619 
1.18 

C/3 a7 6 -12606=— 122 oS 6 5 

1.19 
D 16-18 Golden antimony 0.70 066 066 0.70 067 0.68 

(20 per cent) 0.66 
EK Ureka WMG .cssccceewes 0.20 019 O17 O18 017 0.18 
F Ureka: White: ose cscs 0.08 O11 007 014 009 0.09 

0.13 0.12 
G Mercaptobenzothiazole .. 044 039 0387 0387 042 O41 
H/1 Mercaptobenzothiazole .. 058 055 052 048 — 0.50 
H/2 051 055 045 042 047 048 
I Merecaptobenzothiazole .. 0.18 0.20 014 0.14 — 018 
K Benzothiazyl disulfide .... 0.28 0.28 0.14 014 027 0.16 
L Benzothiazyl disulfide .... 0.21 0.25 014 0.16 — 0.14 


M Benzothiazyl disulfide and 0.57 056 032 035 059 0.36 
Bremen blue 

N Benzothiazyl disulfide and 0.54 050 048 044 055 0.39 
lithopone (6 per cent) 


O Benzothiazy] disulfide, lith- 030 0383 0.23 0.33 — 021 
opone (6 per cent) and 0.30 
ultramarine blue (4 per 
cent) 
P Tetraethylthiuram disul- 0.72 0.74 060 057 0.79 0.63 
fide 
Q White factice (50 per cent) 1.16 1.11 0.98 — — 1.02 
1.07 1.03 
R Brown factice (23 per cent) 2.08 1.98 0.90 — — 0.78 
1.03 0.75 
0.79 


extracts. The authors observed that the considerable acetone extract from sample 
(R) hindered thorough washing of the sulfurized copper spiral. It is therefore 
probably that the difference between the results on this sample by methods 3 
and 6 is due to retention on the copper spiral of some acetone-soluble sulfur- 
bearing organic matter which provided additional hydrogen sulfide in the subse- 
quent reduction. 

The method proposed by Guppy‘ is interesting in that it does not need the 
time-consuming extraction with acetone, but it was observed that with samples 
containing added mineral sulfides or ultramarine blue at least three hours’ 
boiling with hydrochloric acid was necessary to remove all the extractable 
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sulfur. With highly loaded mixings which crumble during comminution, care 
must be taken to avoid losing small particles of rubber when decanting the hydro- 
chloric acid. For the reduction, all-glass apparatus is again preferable. Where 
the free sulfur content exceeds 1 per cent, at least two hours’ reduction is neces- 
sary. This method cannot be applied to qualities containing factice because at 
least part of the combined sulfur present in the latter is released during the 
reduction. In the presence of ultramarine blue, this method gave results higher 
than the true free sulfur, probably because part at least of the reducible sulfur 
present in the pigment is not removable by boiling with hydrochloric acid. Within 
the limitations already indicated, however, this method is capable of yielding 
accurate figures on the day of sampling. 

Objections to the method of Robertson and Young? are that it is lengthy, and 
considerable practice is necessary in the use of the external indicator. 

For routine laboratory purposes, the modified form of the method proposed 
by Bolotnikov and Gurova® is the most satisfactory of those studied. It has now 
been in daily use in the Avon laboratory for nearly three years, and has proved 
both simple and dependable. 


The authors wish to express their thanks to the Avon India Rubber Co., Ltd., 
for permission to publish the results of this investigation. 
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